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LIST or ABBREVIATIONS 


ACG1H - American Conference of Governmental Industrial Hygienists 

AGA American Gas Association 

BBT Brooklyn Battery Tunnel 

BLEVE - Boiling Liquid Expanding Vapor Explosion 

BUG - Brooklyn Union Gas 

CAS - Center for Auto Safety 

CFV - Conventionally Fueled Vehicles 

CGA - Compressed Gas Association 

CNG - Compressed Natural Gas 

CO - Carbon Monoxide 

DOT - Department of Transportation 

FHA - Federal Highway Administration 

FMVSS - Federal Motor Vehicle Safety Standard 

GVWR Gross Vehicle Weight Rating 

HFL Higher Flammability Limit 

HSRI - ^University of Michigan) Highway Safety Research Institute 

IDLH - Immediately Dangerous to Life or Health 

LFL - Lower Flammability Limit 

NFIRS - National Fire Incident Reporting System 

NG - Natural Gas 

NGV - Natural Gas-Powered Vehicles 

NHTSA - National Highway Traffic Safety Administration 

NIOSH - National Institute for Occupational Safety and Health 

OSHA (United States) Occupational Safety and Health Administration 

PA Port Authority of New York and New Jersey 

ppm - Parts per million 

QMT - Queens Midtown Tunnei 

SRD - Safety Relief Device 

STEL - Short Term Exposure Limit 

TBTA - Triborough Bridge and Tunnel Authority 

TLV - Threshold Limit Value 

TWA - Time-Weighted Average 

VMT - Vehicles Mile Travelled 

WPI - Worcester Polytechnic Institute 


SUMMARY 


INTRODUCTION 

The purpose of this study is to perform a safety analysts of compressed 
natural gas (CNG) fueled vehicles transiting New fork City tunnels and 
bridges The objective of the analysis is to assess ti.e relative hazard 
of the compressed natural gas fuel compared to conventional fuel for a 
vehicle traveling on the following roadways which now have restrictions 
on CNG: Brooklyn Battery Tunnel, Queens Midtown Tunnel, Verrazano 
Narrows Bridge (lower level), Holland Tunnel. Lincoln Tunnel, George 
Washington Bridge (lower level), and George Washington Bridge Expressway. 

The analysis considers only those hazards arising from the release of 
fuel from the vehicle. CNG vehicles considered range from a passenger 
sedan up to and including a full-sized commuter bus. Non-operational 
modes such as refueling, parking or servicing are not in the scope of 
this study. 

The approach used in this study is to compe.'* the fuel hazard of CNG 
vehicles to those powered by gasoline. The rationale for this approach 
is that gasoline is an acceptable vehicle fuel, and therefore it 
represents the acceptable risk level. The methodology used for 
comparison of the fuels was a combination of review of historic accident 
data, analyses of gas diffusion to predict the resulting gas cloud and 
concentrations inside the tunnel, and a deterministic analysis to compare 
the consequences of Ignition of the released fuel. Risk is judged as a 
factor of the frequency of occurrence and the severity of the hazard. 

CNG vehicles come In two types - dedicated and dual-fueled. A dedicated 
vehicle uses only natural gas as a fuel, while a dual-fueled vehicle has 
a CNG system Installed In addition to Its normal gasoline fuel system. 

CNG vehicles range in all sizes: passenger sedan, pick-up, step van. 
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cargo van. light true* and full-sized passenger bus. In a typica' 
vehicle. CNG is stored in one or more heavy-walled pressurized gas 
cylinders: typically in the trunk of the vehicle. These cylinders are 
manifolded together and each cylinder has a manual shut-off valve and a 
ver.ted pressure relief device. The cylinders may be isolated in case of 
a ’.eak or accident by a 1/4 turn shut-off valve. During operation, CNG 
flows from the cylinders to a two- or three-stage pressure regulator 
which reduces the gas from high storage pressure to near atmospheric 
pressure, and feeds the gas to the vehicle engine upon demand. 

The tunnels considered in this study all have similar tube layout and 
ventilation systems The Holland Tunnel was chosen for the diffusion 
analysis because it had a typical cross section with the smallest 
diameter. figure S-l shows a Holland Tunnel tube cross section. The 
airspace between the roadway and tunnel shell serves as a fresh air 
duct. Forced air rises from the roadway and is removed at the celling. 
The ventilation rate : s varied to keep the carbon monoxide concentrat 1 on 
below specified limits. 

Certain fuel properties are very Important in assessing the consequences 
of release The most Important property of natural gas that 
distinguishes it from gasoline Is that it is a buoyant, highly dlffusable 
gas that quickly disperses upon release. The gas will Ignite only when 
if is in the flammable range of 5.3% to 15% by volume In air. 

CONVENT IONA. L-FUELED VEHICLE HAZARDS 

To compare the risk of the two fuels, data was gathered on 
gasoline-related vehicle fires and injuries, and the data was then 
adjusted for the tunnel environment. The risk was represented as f 
hazard matrix which was constructed in a format according to a . 
government standard used for risk analysis. The hazard matrix groups 
accident events according to their frequency and their severity. The 
matrix is essentially a visual tool displaying the overall r<st and trend 
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Figure S-1. .Holland Tunnel Cross Section 
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Figure S-2. Natural Gas Mass for Bus SC3. This scenario 
involves rupture of the fuel line under the lus. (1) indicates 
all gas > 5.3% in the roadway area. (2) indicates gas > 5.3% 
excluding the high concentration of gas trapped in the bus 
undercarriage. 
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COMPARISONS Of POWER Of ACCIDENTAL RELEASE 


Natural Gas 


Case 


veh': f Immediate 

l Scene' : c i Ignition 


Bus 
SC 3 


PTck-UP 
fl CNG Cyl 


Vehiru t 

3 CNG Cyl 


Vehicle B 
3 CNG Cyl 


Vehic le 
2 CNG Cyl 


it. I 0 

l bm/sl hw 


0.7 I 9.52 
I 

1_I_ 


0.7 I 9.52 
I 

_I_ 


Delayed 

Ignition 


Pool 

Bu r n1ng 


- n £ 


m - mass release rate 
0 - Thermal energy release rate 
Me - effective mass 1 see Table S-2) 


Qf - energy of the fireball 
Tf . fireball duration 
Tp - pool fire duration 
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Data examnes -r. r- 1 s study ‘nd*sated that the * ^-e-'e’ates ‘njury 
anc * -e-'e'ated fatality rates of CNG veh's'es a'e sudstart'a 1 iy 'ess 
*nan znz "e -e-'s'es Combining the freauency data w‘tn the 
dete-ir--• s t ■ s ana'*: 1 s. a'ows the construction of the hazard mafix 
snow ' 'at e S-£ T ' ■ s shows that the o»e r a’ ~‘z* z e CNG ven's’e " a 
*.nnf is somsarat'e to o r 'ess than a gasoline ve-*sie depending or the 
hazard category 


The conclusion drawn from this study is that the overa i: hazard of the 
:ng vehie'es : s not g'eater than typlca 1 gaso^ne vehicles in a tunne' 
env ; -onment This stud., indicates that a dedicated CNG ehicie actuary 

'“presents a oxer hazard than its gasoline counterpart. These 
conclusions 3 r e based on CNG experience extended by analysis that ? s not 
a: extensile as gasoline vehicle expe-'ence. However, the CNG expe-'ence 
data is s c sufficient depth and the analyses models sufficiently 
conservati<® to strongly 'ecommend that the bridge and tunnel 
■estr’etions on CNG vehicles be reconsidered. 

Confidence n the "NG cylinders arises from the fact that testing 
programs and experience have indicated that cylinder failure will be a 
very rare occurrence In sp'te of a worldwide search, this study could 
find nc e.idence of a DOT-approved cylinder ever failing in a CNG vehicle 
application. For this reason, cylinder rupture was not considered a 
credible scenario 

The analysis indicates that the released natural gas spreads along the 
celling of the tunnel and is not really a confined cloud. An unconfined 
natural gas cloud cannot detonate \ 4 1th ordinary ignition sources, and it 
is concluded that a CNG explosion In a ventilated tunnel is highly 
unlikely. An explosion is a rapid chemical reaction that propagates 
through the mediaa detonation wave. An explosion would produce a 
high pressure blast wave and would be more destructive than simple 
ignition of the gas. Ignition of the gas would release thermal energy 
but would not produce the large blast wave. 
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HAZARD MATRIX FOR PASSENGER VEHICLES 



a/ Frequency per vehicle transit of the Lincoln Tunnel 

X * gasoline powered vehicljs 
0 = CNG powered vehicles 


b/ Hazard Categories: 

1. Explosion/BLEVE 

2. Major fir» (ratality or injury attributable to fire) 

3. Moderate fire (no casulties, property damage > $2,500) 

4. Minor fire (no casulties, property damage < $2,500) 

5. Fuel spill, no fire 
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Sources of ignition *'11 always be present in »r i-;-ge«-c S'*.j5f: r , and 
ignition of the released fue T cannot be precluded. A analysis 

indicates that the results of CNG ignition a re comparable v : r * e ss *- 5 r 
gasoline depending on the scenario. T he most severe hazard ’s the gasc' - re 
SIEVE, whic* can resu’t *r a therma’ energy ro'cs^o rj*s l*-’."' c~e' 
than CNG igritH-r. *’? E_EVE power release f ''T a s~a seda r e*ce*ds fe 
worst accident scenario f or *."? CNG bus. 

T he worst credible CNG accident scenario involved a fuel 'me -_pture under 
the bus. T his wo^d resul* in the fastest £ ue1 release, combined with the 
bus undercarriage oreventirg upward dispersion. T his sce r ario is stil" ’ess 
hazardous than some gaso 1 me accidents, but if an e* r ort is ^ade to imorove 
CNG vehicle safety, this study indicates a fruitful area wGuld be to 
concentrate on preverting *uel line ruoture, reducirg gas How in case ~ c a 
ruoture, and preventing gas buildup under the vehicle. The study found that 
the hard-piped vent line of the CNG bus was a positive f eature. 



Section I 


INTRODUCTION 


GENERA! 

Vehicles powe-ed bv compressed natural gas (CNG) have been operating in 
the United States for more than 15 years. In 1985, there were 30,000 CNG 
vehicles in the US. with an annual growth rate of around 10X (1). The 
Ameiican Gas Association predicts that there will be between 1 and 7 
million CNG vehicles in the U.S. In the year 2000 (2). 


At present, there are over 200 CNG vehicles operating In New York City, 
but th? potential market Is substantially higher. The New York City 
market is severely limited, however, because of the prohibition against 
the use of CNG in certain tunnels and lower levels of bridges shown in 
Figure 1-1 The Port Authority (PA) of NY. and N.J. restricts 
compressed methane to no more than 100 pounds gross weight per vehicle, 
with cylinders weighing no more than 10 pounds (3). These restrictions 
apply to the Holland and Lincoln Tunnels, and to the lower levels of the 
Geotge Washington Bridge. The Triborough Bridge and Tunnel Authority 
(TBTA) has an identical prohibition applying to the Queens Midtown 
Tunnel, the Brooklyn-Battery Tugnel and the lower level of the Verrazano 
Narrows Bridge (4). Based on these restrictions, CNG-powered vehicles 
are limited In routes especially to and from the Borough of Manhattan. 


The disastrous 1949 Holland Tunnel Fire Indicated the need for certain 
restrictions on transporting hazardous cargos In tunnels or tunnel-like 
facilities <5> The gasoline or diesel fuel of conventional vehicles 
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Figure 1-1. New York City Tunnels and Bridges With CNG Restrictions 
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Nassau 


howe.p'. also poses both an explosive and a fire hazard. This hazard has 
been quantified or at least bounded by the day-to-day operational 
e»pe-’ence of the millions of conventional vehicles. What remains to be 
answered is how does the hazard of CNG as a vehicle fuel compare to the 
accepted risks of conventional fuel; or conversely, is the hazard of CNG 
f ue' sufficiently greater than conventional fuel to justify tunnel 
restrictions 7 


Safety data for CNG vehicles continues to increase with operating 
e»perience, crash tests and research programs. Two weak points remain, 
however, and are addressed by this study:: 

o The CNG data base is still only a small fraction of the size of 
the conventional fuel data base, and most of it is not 
tunnel-specific. 

o One o the main safety advantages of CNG fuel, that of its 
rapid dispersion after release, In a semi-enclosed tunnel 
environment needs to be verified. 

# 

Only two studies have specifically addressed CNG hazards in tunnels. A 
1972 Arthur D. Little Study for the Massachusetts Turnpike Authority <fi) 
concluded that a weli-designed and maintained gaseous-fueled vehicle 
presented no more of a risk In the Boston Harbor Tunnels than a garoline- 
powered vehicle. The study went on to conclude, however, that the lack 
of CNG standards and regulations at that time Increased the risk of 
poorly designed vehicles, and that tunnel restriction-., should continue 
until vehicle standards were adopted. The methodology of this study was 
a risk analysis based on the estimated probability of fuel release during 
an accident. The second study conducted by Los Alamos National 
Laboratory (1) examined one scenario of CNG vehicle collision In a tunnel 
and concluded that the CNG vehicle posed less of a hazard than a gasoline- 
fueled vehicle. The methodology of the study was to assess safety 
rankings based on a combination of fuel properties and expert judgement. 
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6i • 6 * ‘ h y - - * *> stud;. •: Mear'. dated a; the CNG industry 
rjc.c' ipprj .r the act ' yea". the los Alamos Study is of value Out 

' ~ *ed d' * *• *■ use of ess anaiyt’ca' ly oriented methodology and the 

*'• f ‘ . r. on tun'ie’ specific scenarios Sponger conclusions might 
• c. d» .ed f - 'c up-to-date information, a more analytical risk 

-e'- r arf '.as' and focusing on the specific New fork City condit‘ons. 


P ppr.'C BNC grrjpf 

'■e t-u pose s f tnis study is to perform a safety analysis of CNG vehicles 
ans-Mng Ne« ’O ' City tunnels and bridges. The objective of the 
ana - i- to assess the relative hazard of the compressed natural gas 
f ue’ compared to conventional fuel for a vehicle traveling on the 
fr’’owing roadways 

Brooklyn Battery Tunnel 
o Oueens Midtown Tunnel 

' .'errazano Narrows Bridge Mower level) 

c Holland Tunnel 

Lincoln Tunnel 

George Washington Bridge Mower level) 

George Washington Bridge Expressway 

The analysis will consider only those hazards arising from the release of 
fue' from the vehicle Only CNG vehicles will be analyzed. Liquified 
natural gas. propane or other gases will not be considered. CNG vehicles 
to be considered will range from a passenger sedan up to and Including a 
full-sized commuter bus. Nonoperational hazards such as refueling, 
parking or servicing are not in the scope of this study. 
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Tf »“ app-oam used ir mm study m to con®*--* me •*i% h«am: <3' 'uc 
»•- ■' *' mo?e &y gaso* tm 4 "though d*-eve *: a'me-a 

son*** • ■ ‘ le w-s* * *. «: tnetted *tc '.he ess n*2amous ma r g*:o 

' ‘ ^ ' t-> or.* , 9«;i* ''h* -mi-, ’.m&s-ec to >J ?n* 'afona e 

■'• * acproarr •*. ma* gaso’twe m <r *ce*pt*& *•* **ntx*e *ue' . and 

n 'WfWif. tut assecwbt* -mr ***« Twe wnoBC'cgy ms 
f o- c'mww'lsiSn -/ ***e f«e>s «e: a cot*Jt*actton rff artermmtjttt -aoa'yv-s 
«nxJ hazard wt^c«i * *wam mam 1 » m a -rmr assessment too' tuart ‘a: 
•.tor . fo v the T'»« r ' r ‘:a • itouTTr^ *e'os&a:e systems a': 

* '•*•»'. '6 The, am «.ss*tfca’ ty *a' uab*e •* coe^arrmg 5 r c*4£ 

o f am’derrts. that c-annotBeqcreectfety *w*n?tf *ea. ana a**-* ar 
*DD ! 'OP r ■ am too’ to com^am *ue' s that nwt gj®€»* y c^f^err* mooem es 
*rrt) -cxff0r ivnZG data 


6 fj ma‘ • # s*t=egorlz*s the hazard both by ‘r, f '-eauem/ -and •*.; 
-o,o- *. *ne y cf the accident fcs xt*ss ‘^Vea by ?tt»-potent-a* 

damage tc •■he /e • ■' ■ e. damage to the tunne 1 or bridge structure, o' 
tniu' v to .personnel The Wtrto xontfss'ts #'fneauency categor^e: ir 
fie-, rending ome' o r me let* and sever tty categories in descending erne- 
the top The matrix fs a visual tool that displays the m.j* f-ror 
ar aor'dent a*, a function of l*ts probability tanti ?*ts conse-auences. and 
■'■*•'**es «no'e corrective -act'on might be ca^ed tor 


The- mformat tor needed to assess the risk from the fuel was otrta»nec *'om 
• r^-nhtrvaftor. of historical data and engineering analysis, the 'arte' 

•red primarily to e/tend the sparse CNG accident data base Tne gaso oe 
hazard matrix was determined by norma)Iz’ig available accident data to 
the tunnel situation CNG accident and test data was used to determ---* 
ass'dent scenarios and gas release frequency. A diffusion ana'ys's c* 
the released CNG was used to predict resulting cloud concentrations and 
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ORGANIZE”ON 


r 


<&port contains ten sections each with a 'e f erence I'ss Bac^gro^nd 
data and physical descript'ons of CNG vehicles. fuel character 1 sties o' 
OHG and gasoline, and the tunnel' and bridges to be studied are conta ir .ed 
in Sections 2, 3, and 4, respectively a description of gasoline fuel 
hazards along with the construction of a gasoline hazard matrl* Is 
presented in Section 5. Section 6 contains the 'esult of a literature 
review of CNG vehicle safety The results of the diffusion analysis of 
OMG ■ *• eases a^e given in Section 7 Assessment of the restive severity 
of gasoline and CNG ignition Is found In Section 3 The CNG hazard 
matr»/ is presented In Section 9. and the summary comparison of fuels in 
Sec t 'on io 
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'.N'. V:-:Cl£' 


. .j... - r fjf• oe* *ypi :o r .Vj veh’c'es and comporents as *ou n c ■- 

*'» ' **-d *o*e- *''P-gr s»*.pr ‘ ence * ' c 0 v e r e d in 'ect'or 6 a' though 

••a*.'- ga: * *ed stit'onar* engines nave been cdramon in the U.j. for 
• •«••?•• .e* • *c f,e : ed by CNG did not appear until 1969 with tne 

'.a Cdison f’eet progam CNG-fueled vehicles today nave 

-j- -■ ’■ i ' e:* mateb 4C .DOO veh c es in tne . S- but a stoch- 

'?•' /ec «e' : e does not yet e*• i ot. CNG vehicles are made by 

'*"» .*>'••:>: «itn commercially available conversion kits. or 
r. na. 'o a .e h; : e custom made mostly from stock vehicle 
".■m:'e"*: 'o^d Company has made a few CNG prototype vehicle:. 

- * *'•&. ='e • commercial ly available e»sept for experimental programs 


« 


CNG .efrc'ec jce s^arv ignition engines. The r e are some 
e»pe r mc.'*ai programs w‘th CNG-fueled diesel engines, but these are 
'e'a* .e•y rare and w 1 '" not be further described. CNG vehicles come in 
•wo types dedicated and dual-fueled A dedicated vehicle uses only 
natij-a gas as a fue'. while a dual-fueled vehicle has a CNG system 
r sta'ied in addition to its normal gasoline fuel system. CNG vehicles 
range in al ; sizes passenger sedan, pick-up, step van, cargo van, light 
trj'r and fuli-sized passenger bus Any stock gasoline vehicle car: be 
Converted to run Of CNG 


Tne. American Gas Assoc'atior < J) lists 34 suppliers or installers of CNG 
conversion kits Designs of these kits vary somewhat and the technology 


J 
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." •> mpr 0 .-ec. tut a desti'tption of a typical dual-fueled 

pa:• cr-.^pr ceuan fo lows a'-c ■' shown in Fijure 2-' CNG is stored in one 
.■ m.-t tea. led p’ecsu r zed ga: cylinders; typically in the trunt of 
n '« - e *ne:e ,; nae r : are manifolded to^ethei^ and each cylinoer 

na: -i manual :hu*-off .a’ve and a vented pressure rpHpf device The 
-'de's ma, be ’.s ated 'n case of a leat or accident by a 1/4 turn 
shut off .a'.-e 


Du r 'ng operation. CNG flows from the cylinders to a two- or three-stage 
pres: ’» regulator which reduces the gas from high storage pressure to 
nea- atmospheric pressure, and feeds the gas tc the vehicle engine upon 
demand £ cng solenoid valve downstream of the pressure regulator (or 
between stages in multiple stage regulators) isolates the CNG system and 
is desgned to shut during gasoline operation, refueling or if the engine 
shou’d stop for any reason. The gas Is fed to a mixer which controls the 
mixing of natural gas and air before it is Injected Into the engine for 
ignition (■ fuel selector switch allows the driver to select gasoline or 
natural gas operation. Some syfflms change the engine timing depending 
on the fue' selection During natural gas operation, a solenoid valve 
isolates the gasoline fuel system. A CNG refueling port with an engine 
shut-off interlock is provided in the system. 


u dedicated "CNG vehicle would be similar to the dual-fueled vehicle 
described above, except that it would not have the gasoline tank and 
'erburetor. and the engine timing would be optimized for CNG operation. 
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CYLINDERS 


RELIEF 
VALVE (TYP) 


VENT 


1/4 TURN 

SHUTOFF GASOLINE 


TANK 





CYLINDER! 


All CNG cylinders used in U.S. vehicles meet DOT Specification 3AA or 
have a DOT-issued waiver. Cylinders come in three types: 

' Seamless 4130X steel cylinder meeting DO T 3AA with a maximum 
operating pressure of 2400 psi. 

lighter-weight fiberglass-wrapped 15B30 carbon steel 
composite cylinder meeting DOT waiver E8965 with a maximum 
operating pressure of 3000 psi. 

a lightweight fiberglass-wrapped cylinder of aluminum alloy 
6061 meeting DOT waiver E8725 - with a maximum operating 
pressure of 3000 ps1. 

The steel cylinders are typically 10 to 16 Inches in diameter and 33 to 
53 inches long, containing 300 to 1260 standard cubic feet of natural gas 
at the rated service pressure. The aluminum cylinders were marketed in 
the U.S. by CNG Fuels Corporation which no longer offers them for sale; 
however, many vehicles on the roa«J contain aluminum cylinders and they 
are available from foreign suppliers. Aluminum-cylInders up to 6 feet In 
length have been supplied for CNG vehicle applications. 

— / 

Each CNG cylinder has an integrally mounted manual shut-off valve with a 
pressure relief device. The pressure relief device is a fusible plug of 
low-melting material C212°F nominal) in series with a rupture disk. To 
mrct DOT and CGA regulations, cylinders over 65 Inches long must have a 
relief device at each end. The relief device set point cannot exceed the 
code-determined hydrostatic test pressure, which Is 1.67 times the 
maximum rated service pressure. Hydrotesting Is requireu every 5 years 
for the steel cylinders and every 3 years for the fiberglass-wrapped 
steel or aluminum cylinders. 
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CYLINDERS 


All CNG cylinders used in U.S. vehicles meet DOT Specification 3AA or 
have a DOT-issued waiver. Cylinders come in three types: 

Seamless 4130X steel cylinder meeting D0 T 3AA with a maximum 
operating pressure of 2400 psi. 

1 lighter-weight fiberglass-wrapped 15B30 carbon steel 
composite cylinder meeting DOT waiver E8965 with a maximum 
operating pressure of 3000 psi. 

fi lightweight fiberglass-wrapped cylinder of aluminum alloy 
6061 meeting DOT waiver E8725 - with a maximum operating 
pressure of 3000 psi. 

The steel cylinders are typically 10 to 16 Inches in diameter and 33 to 
53 inches long, containing 300 to 1260 standard cubic feet of natural gas 
at the rated service pressure. The aluminum cylinders were marketed In 
the U.S. by CNG Fuels Corporation which no longer offers them for sale; 
however, many vehicles on the road contain aluminum cylinders and they 
are available from foreign suppliers. Aluminum - cylinders up to 6 feet In 
length have been supplied for CNG vehicle applications. 

wr- 4 

Each CNG cylinder has an Integrally mounted manual shut-off valve with a 
pressure relief device. The pressure relief device Is a fusible plug of 
low-melting material (212°F nominal) In series with a rupture disk. To 
m^ct DOT and CGA regulations, cylinders over 65 Inches long must have a 
relief dev’ce at each end. The relief device set point cannot exceed the 
code-determined hydrostatic test pressure, which Is 1.67 times the 
maximum rated service pressure. Hydrotesting Is requlreu every 5 years 
for the steel cylinders and every 3 years for the fiberglass-wrapped 
steel or aluminum cylinders. 
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Each vehicle typically has one to four CNG cylinders, although larger 
vehicles, such a> a bus, would have more. The standard cylinder mount is 
a double hoop-mounted cradle capable of withstanding a static load 8 times 
the cylinder weight in any direction. 


Locations of the cylinders vary with the vehicle type. Passenger sedans 
usually have the cylinders mounted in a horizontal position in the trunk 
(Figure 2-l». although some designs utilize cylinders underslung on the 
frame 


Pick-up trucks usually have the cylinders mounted in a similar fashion in 
the cargo bed behind the cab. Vans typically have the cylinders mounted 
in the cargo area in either a horizontal or vertical position. Cylincers 
in the van are enclosed in a leak-proof container vented to the 
atmosphere Cylinders in light trucks are typically underslung on the 
frame or mounted behind the cab. These cylinders usually vent directly 
to Hie atmosphere Both longitudinal and perpendicular mounting with 
respect to the direction of travel are common. Vertical mouonting is 
also used. 

V’ 

SAFETr REGULATIONS AND STANDARDS 

^Though the gas cylinders and pressure relief devices are governed by a 
•a ety of DOT and CGA standards, there Is no uniform federal standard 
' •' ING vehicles, and this has been identified as a problem area <2>. 

'» . untary standards have been adopted; one by the American Gas r 

i :soc i atlon (3> and one by the National Fire Protection Association (4). 
r't h of these standards mandate'a variety of safety features, and rely 
jpon DOT and CGA rules. These standards are similar to California 
-•ghwa. Patrol regulations Issued earlier (5>. Present Federal Motor 
Vehicle Safety Standards, such as FMVSS SOI, do not apply to gaseous 
fuels 
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New rork State has rules simHar to the California Highway Patrol but 
they apply only to public school buses (fi). New York City has a 
diiective that sets forth general requirements for CNG vehicles (7). ^A 
and TBTA tunnel and bridge restrictions have been Identified in Section 
1 A previous NYSERDA study <8> identified no other New York State or 
local requirements for CNG vehicles. The only other locality in i-he U.S. 
-eported to currently have tunnel restrictions is the Baltimore Harbor 
Tunnel <8’- 


SAFFTt FEATURES 

a CNG vehicle has numerous safety features, many of which a-"e required by 
the referenced codes and standards. A typical list of safety features 
includes 


o The fuel cylinde- has strength, wall thickness, and mounting 
bracket size greatly in excess of conventional gasoline tanks. 

o Fuel cylinders are hydrostatically tested every 3-5 years. 

o A 1/4 turn isolation valve is downstream of cylinder manifold. 

o Burst disc and fusible plug on every cyt’nder. 

o Pressure relief valve on regulator and refill nozzle. 

o Cylinders inside a vehicle have leak containment devices which 
are vented to the atmosphere. 

o Trunks with cylinders have holes to prevent gas build-up. 

o Fuel lines are 10,000-15,000 psi stainless steel tubing. 

o Fuel lines have loops or pigtails to allow for component 

movement without line breakage. 

o Fuel lines are supported on the vehicle frame at ’east every £ 
feet. 

o Automatic fuel shut-off valve activated by engine vacuum or oil 
pressure cuts off fuel whenever the engine stops. 




Refueling interlock prevents engine starting while refueling. 

r i pl qauges and selector switches are constructed so that no 
f| iei enters the passenger compartyient. 

Decal markers identify the vehicle as operating on CNG fuel and 
als identify the 1/4 turn shut-off valve. 

NEW tOR> IT, FLEETS 

t„. fleets of CNG vehicles are presently maintained in New York City and 
undoubtedly would be among the first candidates to use the tunnels and 
bridge: T hese fleets are maintained by Brooklyn Union Gas and Con 

Ed':on these fleets comprise an assortment of dedicated and dual-fueled 
vehicle., range in size from a compact sedan # to a full-size bus. utilize 
a variety c different conversion kit supplies, and are typical of CNG 
vehicles found in the United States. These vehicles were used In this 
study to model the accident scenario and gas release. 


Brooklyn Union_Gas 

B.ouklyn Union Gas (BUG) has a growing fleet of 195 CNG vehicles and an 
active R&D program that presently Is conducting 22 projects related to 
these vehicles (9>- Except for 5 of these vehicles, all are 
dual-fueled. Most of the vehicles carry 2-4 cylinders and come In a 
variety of sizes a: d types as shown in Table 2-1. Eight different 
conversion kit suppliers were used. 


The fiber-wrapped steel and fiber-wrapped aluminum cylinders have a 
maximum operating pressure- of 3000 psl. The steel cyl’nders have a 
maximum operating pressure of 24C0 psl. All cylinders ha'’? a Shrrwoou 
burst disc-type relief valve set at 3/75 or 4000 pslg backed by a 212°F 
thermal plug. Fuel lines are sized at 1/4 inch, except for 5/16 Inch 
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Table 2-1 


BROOM' N UNION GAS 
CNG VEHICLE FLEET 



Number 

Cylinders/ 

Cylinder 

Cylinder 


veh i_£j e_s 

Vehicle 

Type a L 

S.ize J-CF) i 

Bus 

2 

9 

A 

4.19 

L • gh t Truck 

5 

4 

c 

2.26 

Light Tiuck 

4 

4 

s 

1.52 

Light- Truck 

3 

4 

s 

1.53 

Pi CM Up 

2 

4 

A 

1.21 - 2 . 2 ; 

Light Truck 

1 

4 

s 

1.41 - 1 . 5 ; 

Light Truck 

1 

4 

A 

2.3 

Van 

31 

1 

s 

1.52 

Light Truck 

28 

3 

c 

2.26 

Van 

6 

3 

s 

1.41 

Compact Sedan 

1 

3 

A 

1.41 

Van/Pick-Up 

75 

2 

C 

2.26 

Van 

16 

2 

s 

1.52 

Pick-Up 

9 

2 

c 

1 .86 

Sedan/Wagon 

7 

2 

c 

1.34 

Van 

2 

2 

A 

2.26 

°i ck-Up 

1 

2 

S 

1.41 

Van 

Total 

a/ A - Fiber-wr 

1 

195 

apped aluminum 

2 

c 

1.52 


C - Composite steel, fiberglass-wrapped 
S - Steel 

b/ Each cylinder capacity in cubic feet 
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Hns' the bus Cylinder locations include inside the vehicle 
trun> , inside the van cargo area, in the pick-up cargo bed. behind the 
truck cab, and underslung in various positions on the truck frame. 
Cylinders inside the vehicle trunk have a vinyl bag enclosing the relief 
and shut-off valves These vinyl bags are vented through the bottom o f 
the trunk Cylinders ins'de the van cargo area are enclosed in a steel 
b r <' which is vented outside the vehicle. 


The two full-size passenger buses are the largest and most unique 
vehicles in the fleet. The buses are dedicated CNG-fueled and custom 
built bv Bus Industries of America. Each bus is a 53-passenger vehicle. 
40 feet long and over 9 feet high. Figure 2-2 shows the CNG system 
schematic. Nine fiber-wrtpped aluminum cylinders (1*1 In. x 72 In.), each 
containing 1082 standard cubic feet of gas stored at 3000 psig, are 
bolted to the underside of the frame. Each cylinder has two burst 
disc/thermal plug relief valves which are hand piped to a common vent. 
Shut-off valves are located on either side of the vehicle, and an 
additional high-pressure solenoid shut-off valve Is located downstream of 
the last cylinder. 


The BUG fleet started In 1981 and has accumulated over 1.100,000 miles to 
date. No fires or Injuries have been experienced due to the CNG; 
although one gasoline fire was reported. Six accidents have occurred, 
three of which totaled the vehicle, but gas was released In only one 
Incident. A CNG bus *as hit broadside displacing two cylinders and a 
relief valve was r aused to shear off, releasing some of the fuel. No 
ignition occurred. BUG has reported many small leaks, usually diagnosed 
during servicing. 
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CON Et 


Con Fi maintains **■•» ' .er - > dedicated CNC *' *e* ‘'.tel *' ’ab‘ e ; 

Earn vehicle ha: j c t f ' pe- * a •, s - wrapped :*ee ‘-de-s ope-af-s ?* - 
maximum pressuw* of 3000 pounds 6 burst d'sc packed by a fus'ce p .s 
is used as a relief ^a’/e or each cylinder All cylinders a-e jr.de-s'ung 
on the veh'rie pody except for three of the pick-jjps which have ore 
cylinder In the truck bed Tne cylinders vent directly to the atmosphere 
and are connected to a 1/4 Inch stainless steel fuel line. 


The present Con Ed fleet was started In 1987 and has accumulated more * 
than 170.000 miles with no accidents, fires or fuel leaks. An earller^l 
discontinued dual-fueled fleet did experience some accidents, Including 
two totaled vehicles, but no leaks or fires. 


<4l>I* 2-2 
rr.t, £01 SON 

v[h:':.e fleet 


Typ? 

Nymper 

VfMf 'eS 

' , t n-jer' / 
Vehicle 

Cy 11 n»Jer 

Type a/ 

Cy11nder 
Size LCD 

window Vaf> 

4 

4 

c 

2 - 2.26 

2 - 1.41 

I’irk -IJp 

2 

4 

c 

1 - 2.26 

3 - 1.41 

Caro? Van 

1 

4 

r 

2 - 2.26 

2 - 1.41 

Pick-up 

3 

3 

C 

1 - 2.26 

2 - 1.41 

Total 

10 





'ompocite t«?p ]. f 1 bergl a',',-w> apped 
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Section 3 


fuel characteristics 


FUEL PROPERTIES 

The relative rist of various fuels due to fire, explosion and toxlclt.. is 
determined by their physical and chemical properties as well as the 
engineered system in which they are contained. 

a list of the important properties of methane, gasoline and diesel fuels 
is provided in Tables 3-1 and 3-2 using SI units and British units 
respectively The listed values are extracted from Ref <I> through (]_§) 
as indicated While natural gas Is composed primarily of methane, it 
also contains small amounts of other gases as shown In Table 3-3. The 
presence of these gases does not significantly change the combustion 
characteristics of natural gas from that of pure methane. 

The effects of fuel properties on consequences of Ignition will be 
discussed further in Section 8. 


SAFETY ASPECTS OF FUEL PROPERTIES 

The relationship between fuel properties and safety can be dependent upon 
the specific accident scenario; however, the following relative 
generalizations can be made regarding gasoline and natural gas: 
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Tab’e 3-1 


PROPERTIES OF AUTOMOTIVE FUELS 



Methane 3 ' 

Gasoline^/ 

D i e; e 1 c / 

omposit Jon 

CH, 

Variable 

Variable 

Melee a* weight 

16.043 

107 (p 


Storage Conditions 

Compressed 

Ga s, 

(2400-3000 psig) 

Liquid 0 

Ambient T&P 

Liquid (? 
Ambient T&P 

Densitv at NTP^^ 

» g/L 

0.64 X 10-3 (£> 

0.74 (3> 

0.62 (3> 

Densitv of gas rel¬ 
ative to air-l.00 

0.555 (4) 

3.4 (5) 

>4.0 (est) (6> 

Boi 1 i ng point. 

■ Atmospheric 
p> essure>°k 

111.632 <Z> 

310-478 (8> 

480-600 (9) 

Diffusion co¬ 
efficient in NTP 
ai • . cm^/s 

0.16 (J.) 

0.05 <H> 


Buoyant .elocity 
in NTP air, m/s 

0.86 1) 

Nonbuoyant (4) 

Nonbuoyant (4) 

Vapor pressure, 
atm 

1 (6) 

0 .6-0.8 
@ 311°K (12) 

0.0005 @ 311 °K 
(6) 

Heat of vaporiza¬ 
tion. tj/kg 

509.88 <Z> 

309 (12> 


Heat of combustion 
(low). MJ/kg 

50.02 <11> 

44.5 (J4) 


Heat of combustion 
-high*. MJ/kg 

55.53 (ID 

48 (14> 


F1ammabi1ity 
limits, vol 7. in 
aft. 

5.3 - 15.0 <L2> 

1.0 - 7.6 (12) 

0.5 - 4.1 (13) 

Autoignition temp, 

813 (8> 

501-744 (8> 

533 (12) 
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Table 3-1 (Cont'd) 



Methane a/ 


Gasoline b/ 

Piese1 c/ 

Minimum ignition 
Energy in Air, mj 

.29 <!1> 


.24 (U) 

.3 (est) (6) 

Flamp temperature 
in air. K 

2148 <U) 


2470 J4) 


Flash point, t 

gas (6> 


230 (8> 

325 min. (1_3) 

Detonation limits, 
vol Z in air 

6.0 - 13.5 

(8> 

1.1 - 3.3 (8) 


Energy of explo¬ 
sion. (g TNT)/ 

< g fuel> 

11 (1) 


10 (1) 


Threshold limiting 
value <TLV). ppm 

Concentrated short¬ 
term exposure (rel¬ 
ative health hazard 
-5 is high; 1 is 

1 oW) 

asphyxiant 

<S> 

500 (15) 

500 (5) 

Eye contact 



2 (IS) 


Inhalation 

3 (1$) 


3 (16) 


Skin Penetra¬ 
tion 

Supplemental 

Simple 


3 (IS) 

Simple 


effects 

asphyxiant 

<1£> 

asphyxiant (IS) 



a/ Properties are for pure methane gas. Natural gas, wnich varies in 

composition, will deviate slightly from the values listed. See Table 3-3 
for natural gas composition. 


b/ 

Unleaded gasoline. 

c/ 

Grade 

No. 2 diesel fuel. 

d/ 

NTP - 

1 atm and 293.15 K. 

e/ 

NBP - 

Normal boi1ing point 
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Table 3-2 


PROPERTIES OF AUTOMOTIVE FUELS 
(British Units) 



Methane a/ 

Gasoline b/ 

Pis.sei c/ 

Composition 

ch 4 

Variable 

Variable 

Molecular weight 

16.043 

T07 <i> 


Storage Conditions 

Compressed 

Gas, 

2400-3000 psig 

Liquid 0 

Ambient T&P 

Liquid 9 
Ambient T&P 

Density at NTP.d 

lb/ft 3 

0.04 (2) 

46.2 

<3> 

51.19 (3) 

Density of gas rel¬ 
ative to air-1.00 

0.555 (4) 

3.4 (5) 

>4.0 (est) (fj) 

Boi1ing point. 

'Atmospheric 
pressure)°F 

-258.73 (7) 

98.33 - 400.73 
<fi> 

404.33-620.33 

<2) 

Diffusion co¬ 
efficient, ft^/hr 

0.62 (1) 

0.193 (I) 


Buoyant velocity 
in NTP air. ft/s 

2.62 - 19.68 (1) 

Nonbuoyant (4) 

Nonbuoyant (4) 

Vapor pressure, 
psia 

14.69 <$) 

8.8-11.75 9 100°F 
(IQ) 

7.35 X 10-3 
@100*F (£) 

Heat of vaporiza¬ 
tion. Btu/lb 

219.2 (7) 

132.8 (Jj?) 


Energy content/lower 
heating value 




1. Btu/gal 


116.400 (fi) 

129,400 (&) 

2 Btu/lb 

3. Btu/ft 3 

21,300 (fi) 

148,126 9 2400 
psia, 100®F (Jj) 

18,900 (fi) 

18,310 (fi) 



Heat of combustion 

2.48 X 10 4 (1) 

2.14 X 10 4 <U) 



(high), Btu/lb 
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Table 3-2 (Cont'd) 





Methane a/ 

Flammabl1ity 
limits, vol 1 in 
air. 

5.3 - 15.0 (12) 

Autoignition temp, 

°F 

1004 (6) 

Minimum Ignition 
energy In air, Btu 

0.27 X 10-6 
(11) 

Flame temperature 
in air. ®F 

3407 (14) 

Flash point. °F 

gas (6) 

Detonation limits, 
vol *!. in air 

6.0 - 13.5 (fi) 

Energy of explo¬ 
sion, (lb TNT)/ 

<lb fuel) 

11 (1> 

Threshold limiting 
value (TLV;, ppm 

asphyxiant (6) 

Concentrated short¬ 
term exposure (rel¬ 
ative health hazard 
—5 Is high; 1 Is 
low) 



Gasol1ne b/ 

Diesel c/ 

1.0 - 7.6 (12) 

0.5 - 4.1 (13) 

442-880 (0) 

500 (15) 

0.22 X 10- 6 

0.288 X 10- 6 

(11) 

(6) 

3986 (14) 


-45 (0) 

125 min. (lj) 

1 .1 - 3.3 (0) 


10 (1) 


500 (15) 

500 (5> 


Eye contact - 

Inhalation 3 (2Q> 

Skin Penetra- - 

tlon 


2 (16) 
3 (10) 
3 (16) 
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Tat’e 3-2 <Cant'd' 

Methane a Gasoline c C^ese' c • 

Supplemental Simple Sample 

effects asphyxiant <16 asphyxiant <ljj) 

a. Properties are for pure methane gas. Natural gas which varies in 
composition, will deviate slightly from the values listed. See 
Table 3-3 for natural gas composition. 

b/ Unleaded gasoline 

c' Grade No. 2 diesel fuel. 

d/ NTP « l atm and 293.15 °K. 

e/ NBP * Normal boiling point. 
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Table 3-3 

COMPOSITION OF NATURAL GAS a/ 

PERCENTAGE COMPOSITIO N 


Methane 

<CH 4 ) 

96.33 

Ethane 

(C 2 H 6 ) 

2.02 

Propane 

(C 3 H 8 ) 

0.37 

1so-Butane 

<C 4 Hi 0 > 

0.08 

N-Butane 

(C 4 H 10 ) 

0.07 

Iso-Pentane 

<c 5 h ]2 > 

0.03 

N-Pentane 

(C 5 H1 2 ) 

0.02 

Hexanes & Higher 

() 

0.07 

Carbon Dioxide 

(C0 2 ) 

0.70 

Nltrogen 

(N 2 ) 

0.31 


a/ Source - The Brooklyn Union Gas Co. Gate Station Measurements 
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o Due to Us physical state, the accidental release of natural 
gas will immediately form a vapor cloud. This hazard is 
significantly reduced by natural gas' high buoyant velocity and 
diffusion coefficient, such that In the event of an unconfined 
release, the gas will rapidly disperse to concentrations below 
Its lower flammability limit. 

o Gasoline, as a liquid associated with heavler-than-alr vapor, 
does not generate a rapidly spreading vapor cloud. Gasoline 
does present, however, a longer term persistent hazard with the 
possibility of a spreading pool fire and a higher probability 
that the entire quantity of released fuel would be consumed in 
the event of a fire. Gasoline poses a greater hazard In 
gutters and drains. 

o The higher f1ammabl11ty limit of natural gas (5.3X) relative to 
gasoline (IX) reduces the probability of Ignition and the size 
of the flammable portion of the vapor cloud. 

o The higher Ignition temperature of natural gas relative to 
gasoline makes it harder to Ignite. 

o The minimum Ignition energy of both fuels Is low and Is not 
really an Important factor. If a source exists above the 
ignition temperature and the gas Is within the flammable 
limits, Ignition Is highly likely. 

o Flame temperature of natural gas 1s % lower than that of gasoline 
resulting In lower rates of radiated heat associated with fires. 

o Natural gas Is a clean-burning fuel and hence less combustion 
particulates are generated In comparison with gasoline fires. 

In other words, less smoke production and toxic combustion 
products are characteristic of methane fire. 
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o The exhaust emissions of NGVs contain a lower ratio of carbon 
monoxide to carbon dioxide than gasoline-powered vehicles which 
Is due to methane’s simple chemical structure and Inherent 
chemical stability (i?>- 

o Methane's physiological effects are superior to gasoline. As 
stated In (JJJ) "Methane Is generally considered nontoxic. Coal 
miners Inhale concentrations of up to 91 methane in air without 
apparent ill effects. Inhalation of higher concentrations 
eventually causes a feeling of pressure on the forehead and 
eyes but the sensation ends after returning to fresh air. 
Methane is a simple asphyxiant." 

o Natural gas Is generally considered nontoxic, whereas 

gasoline's toxic and carcinogenic properties are well known. 

A comprehensive discussion of toxlcltles of motor vehicles is 
provided in Appendix A. 

o Both fuels are relatively non-corrosive; however the presence 
of sulfur compounds and water In Impure natural gas has the 
potential for causing container corrosion. Composition of 
natural gas used In transportation or as vehicular fuel Is 
controlled by NFPA regulations (12) such that It becomes 
noncorrosive. 

o Natural gas. by DOT & NFPA regulation. Is odorlzed for easy 
detection upon leakage. 
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Section 4 


BRIDGE AND TUIgliL DESCRIPTIONS 


HOLLAND TUNNEL 

Data on the Holland Tunnel was obtained from Port Authority drawings and 
documents, and a summary of the key parameters follows: 


Geometrical Data 

o~ The tunnel consists of two separate tubes with a rectangular 
cross-section In the solid ground of the approaches, but having 
a circular section In the portions below the river (subaqueous 
section). 

o The north tunnel, for westbound traffic. Is 9180 ft long portal 
to portal, and the south tunnel, for the eastbound traffic, is 
9277 ft long portal to portal. The In-plan dimensions of the 
tunnels’ length are 8548 ft for the north tube and 8377 ft for 
the south tube. 

o Maximum upgrade In the tunnel Is 3.8X, while the maximum 
downgrade Is 4.06X. 

o The tunnels' roadway Is 20 ft wide, and the headroom between 
the roadway and the celling equals 13.5 ft, forming an 
essentially rectangular cross-section Inside the circular shell 
of the tube. 
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Vent11 at ion Data 


' The airspace between the celling and the upper part of the 
circulai shell serves as the exhaust duct, and the airspace 
betwepn the roadway and the shell serves as the fresh air duct. 

• A transverse ventilation system is used to provide air movement 
in the tunnel A transverse ventilation is defined by the air 
movement being primarily within the tunnel's transverse 
cross-section and with minimal forced ventilation velocity 
along the tunnel, as well as with uniform distribution of the 
ventilation density along the tunnel. 

o The uniformity of the transverse ventilation is accomplished by 
mpans of subdividing the ventilation system (along the tunnel) 
into seven independent sections. In other words the ducts are 
separated by bulkheads. 

o Tour ventilation towers house the 42 fresh air (blower) fans 

and 42 foul air (exhaust) fans that serve the seven ventilation 
sections of both tubes. Two ventilation buildings are located 
near the pierhead lines and two near the ends of the tubes. 

o Each ventilation section has three blower fans and three 

exhaust air fans. Therefore a total of. 42 fans are assigned to 
each tube and 84 fans In all are in service. 

o Any two frpsh air and exhaust air fans operating*in their 

highest speed can completely change the air In the tunnel in 90 
seconds The third fan is on a stand-by basis. 



o The air In the tunnel is continuously monitored for carbon 
monoxide <C0> concentration, and the speed of the fans Is 
manually adjusted a/ such that the maximum CO concentration is 
11 mi ted to 200 ppm. % 

o Under normal operating conditions the fans deliver nearly 

4 million cubic feet of fresh air to both tubes of the tunnel 
per minute This translates into a change of air every 90 
seconds. 

o Adjacent to the curb and slightly above the roadway are air 
ducts at 15 ft spacings that connect the tunnel's space to the 
main supply duct. Exhaust openings are located In the celling 
at a longitudinal spacing of 10-15 ft. 

o The blower fans (fresh air Intake fans) receive their air 
supply through louvers In the walls of the ventilation 
buildings and the exhaust fans discharge the foul air through 
stacks In the ventilation building at elevations much h^her 
than the fresh air louvers. 

Figure 4-1 shows a typical cross-section of the Holland Tunnel and 
Figure 4-2 shows a schematic of Its ventilation system. 

LINCOLN TUNNEL 

The description of the Lincoln Tunnel Is similar to the Holland Tunnel 
description as provided above except for some details that are pointed 
out In Tables 4-1 and 4-2. * 


a/ At CO concentration of 150 ppm, audible and visual signals alert the 
tunnels' operator, who adjust the speed of the fans %o keep the CO 
concentration at or below 150 ppm. 
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Figure 4-1. Holland Tunnel Cross Section 
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Figure 4-2. Holland Tunnel Ventilation Schematic 





















































The major difference between the two tunnels is that the Lincoln Tunnel 
has three tubes and that the central tube is opened to two-way traffic 
unlike the Holland Tunnel which tubes are both two lanes, one-way 
tiaffic The significance of this difference lies in the fact that the 
longitudinal air velocity induced by the vehicles' piston effect will be 
counteracted in the two-way traffic tube. This will Influence the 
selection of the analysis parameters employed in the gas dispersion 
calculation as will be discussed In latter sections. 

The change of air at the maximum ventilation rate Is every 90 seconds, 
similar to the Holland Tunnel. 

BROOKLYN-BATTERY TUNNEL (BBT) 

The description of the Holland Tunnel holds true for BBT except for the 
differences highlighted by the comparisons of Tables 4-1 and 4-2. The 
minimum air ventilation Is pointed out to be characterized by an 
eight-minute change of air and an^alr flow of 750,000 CFM. 

QUEENS-MIDTOWN TUNNEL (QMT) 

Here also the description of the QMT Is similar to the Holland Tunnel's, 
and the differences are highlighted by the comparisons of Tables 4-1 and 
4-2. It Is noted that when all fans are running at full capacity, an air 
change is accomplished every 90 seconds. For the three other tunnels, 
the 90 seconds air change Is achievable upon running 2/3 capacity of the 
fans. - 

TUNNELS' EMERGENCY VENTILATION PROCEDURE 

In«n emergency situation such as a flre'ln the tunnel, and In order to 
assist in the confinement of the fire and smoke to the ventilation 
section in which it originates, an emergency ventilation procedure Is 
utilized by both PA and TBTA for their tunnels. 
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In an emergency, the blower fans are shut off (with the exhaust fans 
opened) in the section where the fire originated, and the exhaust fans 
are shut off in the adjacent sections (with the blower fans opened). 

This will have the effect of directing a flow of air towards the fire 
area from each side, which shail minimize the spread of smoke and heat to 
the other sections. 


Table 4-1 

SUMMARY OF TUNNEL .DATA 


Tunnel 

Roadway 

Width 

Headroom 

Height 

Dlam. of Tube 

Outside 

Inside D1am. a/ 

Hoi land 

20’ 

13'-6" 

29 *—6" 

26'-10" 

Lincoln 

21’-6" 

13'-8-1/2" 

31’-0" 

28‘-6" 

B.B.T. 

21*-0 H 

13'-6" 

31'-0" 

28'-0" 

Q.M.T. 

2 r-o H 

13'-6" 

31 '0" 

28'-0" 


a/ Inside diameter varies along the tube 


Table 4-2 


VENTILATION DATA 





No. Of 

Sections 

In-plan 

Normal Operation 

CFM Max. 

Tunnel 

(Ventllation) 

Length (ft) 

Time Per Air Chanae 

(10 6 ) 


North 

7 

8548 

90 Sec using 2/^ 

4.619 

Hoi land 

South 

-7 

8377 

capacity 

4.437 


North 

4 

7454 

90 Sec using 2/3 

4.1485 

Lincoln 

Center 

5 

8208 

capacity 

5.0985 


South 

4 

8193 


4.499 


East 

5 

9117 

90 Sec using 2/3 

4.150 

B.B.T 

Hest' 

5 

9HJ 

capacity 

6.152 

Q.M.T. 

North 

4 

6414 

90 Sec using full 

3.450 


South 

4 

6272 

capacity 

3.450 


✓ 


- 
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GEORGE WASHINGTON BRIDGE 


The George Washington Bridge is a double-decked suspension bridge 
4760 feet long. The lower deck Is suspended approximately 20 feet below 
the upper deck. Each deck has eight lanes of traffic and Is over 120 
feet wide. The lower deck forms a seml-enclosed space due to the 
roadways on top and bottom; however, the sides are completely open except 
for structural members supporting the deck. 

The approach to the lower level of the George Washington Bridge on the 
New York side contains covered tunnel-like section 3100 feet long. This 
approach section Is totally enclosed In three areas as It goes under 
various housing units. The approach varies In cross-section, but a 
typical section Includes 12 lanes of traffic 174 feet wide with no 
Interior partitions except for Intermittent structural suports every 
three lanes. The celling height varies from 124 feet to 20 feet. The 
sides are enclosed but contain various openings and portals. Three to 
five fans at 50,000 CFM each provide longitudinal ventilation for each of 
the enclosed sections. 

VERRAZAN0 NARROWS BRIDGE 

The Verrazano Narrows Bridge Is a double-decked suspension bridge 
containing six lanes of traffic on each deck. Figure 4-3 shows a typical 
cross-section. The lower deck forms a seml-enclosed space due to the 
roadway decking on top and bottom. The sides are completely open except 
for structural members supporting the deck. 
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Figure 4-3. Verrazano Narrows Bridge Cross Section 
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Section 5 


CONVENTIONAL-FUELED VEHICLE HAZARDS 


FUEL SYSTEM DESIGN AND CONSTRUCTION 


Fuel System Safety S tandards 

Federal Motor Vehicle Safety Standard 301 . Federal Motor Vehicle Safety 
Standard (FMVSS) 301 was developed to reduce the likelihood of a fire 
caused by a collision or a rollover by limiting the leakage of fuel 
following such an event. This standard, which applies to 1iquld-fueled 
vehicles, appears in Title 49, Code of Federal Regulations, Section 
571.301. The standard evolved In stages, being first applied to 
passenger cars manufactured after January 1, 1968. The range of vehicles 
covered and the types and severities of crash tests that such vehicles 
must pass were then gradually Increased In following years. The final 
standard, which applies to vehicles manufactured after September 1, 1977, 
covers all passenger vehicles and trucks having a gross vehicle weight 
rating (GVWR) of less than 10,000 pounds, as well as school buses having 
a greater GVWR. 

All vehicles of less than 10,000 lbs. GVWR are subject to the following 
tests: 

o Frontal collision at 30 mph with a fixed barrier perpendicular 
to the direction of travel and at 30* from the perpendicular on 
either side 

o Collision with a 4,000-pound moving barrier striking the vehicle 
from the rear at 30 mph 

o Collision with a 4,000-pound moving barrier striking the vehicle 
. from either side at 20 mph 

o Vehicle rolled over In three 90* Increments. 
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Following any of the collision tests, the total amount of fuel spilled 
must not exceed one ounce by weight while the vehicle is in motion, nor 
five ounces during the next five minutes, nor one ounce per minute during 
the subsequent ten minutes. During the rollover test, fuel spillage must 
not exceed five ounces during the first five minutes for each position, 
then one ounce per minute for the remainder of the test. 

School buses of more than 10,000 lbs GVHR are subject to collisions with 
moving barriers at 30 mph and must meet the same leakage limits as 
1ighter vehicles. 


Bureau of Mo t or Carrier Safety . The Bureau of Motor Carrier Safety, a 
part of the U. S. Department of Transportation, has rules that apply to 
the fuel systems of vehicles of more than 10,000 lbs GVWR and to buses 
carrying more than 15 passengers, operating in Interstate and foreign 
commerce These rules, which Include design as well as performance 
criteria, appear in Title 49, Code of Federal Regulations, Section 393, 
Subpart E. A few of the more significant provisions are listed below. 


o The fuel tank must not extend beyond the body of the vehicle nor 
be located forward of the front axle 

o No part of the fuel system of a bus can be located within or 
above the passenger compartment 

o A liquid fuel tank may not leak more than one ounce by weight of 
fuel per minute when rotated 150° about any axis 

o Liquid fuel tanks with a capacity of more than 25 gallons of 
fuel must have a venting system which, In the event of fire, 

• will prevent the Internal pressure from rupturing the tank. 

This system must pass the following test: 

The tank is filled three-fourths full with fuel and 
Inverted, with the outlet sealed. 

The fuel is heated at the rate of 6 - 8 *F per minute. 

The safety venting system must activate before the pressure 
reaches 50 psig and the pressure must not rise more than 5 
psi during the remainder of the test. 
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The tank must withstand a hydrostatic pressure equal to 
150X of the maximum pressure reached during the-above test. 

o Liquid fuel tanks are subject to tests involving dropping a full 
tank from a height of 30 feet onto an unyielding surface so that 
It lands on one corner, and dropping It from a height of ten 
feet so that It lands on Its fill-pipe. In neither case can the 
tank leak more than one ounce per minute after the Impact. 


Typical,Fuel Systems 

Fuel systems of gasoline-powered vehicles manufactured for sale In the 
United States during the past decade conform to the applicable federal 
safety standards discussed above. The advertised capacities of gasoline 
tanks on vehicles sold by major automakers vary from 10 gallons for the 
1989 Ford Festlva to optional 60-gallon tanks on medium-duty GHC buses. 
Typical examples are the General Motors A-cars. such as the Chevy 
Celebrity, which have fuel tanks with advertised refill capacities of 
15.7 gallons. Such a tank contains an additional 0.4 gallon dead volume 
(fuel left over after the tank runs empty) and a total volume. Including 
the vapor space, of 20.5 gallons. GM specifies steel with a minimum 
thickness of 0.71 mm (.028 In.) as the material for passenger car fuel 
tanks. The tanks are vented, the valves opening at an average pressure 
of 13.5 and a maximum pressure of 17,0_k1lopascals (approximately 2.0 to 
2.5 pslg) (1). 

VEHICULAR FIRES 


There were an estimated 536,000 fires Involving passenger cars In the 
United States In 1986. based on reports from'local fire departments. 
Approximately 270,000 of these Involved gasoline as the first material 
Ignited, 50,000 of these gasoline-related fires occurring on highways. 
Only about 4,000 of the fires In this last category were the result of a 
collision (2>. Thus we see that while fires In passenger cars are 
relatively frequent occurrences, post-collision gasoline-related car 
fires on highways are relatively rare. 
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Causes yf Mies 


By far the dominant cause of vehicular fires, accounting for about 73X of 
gasoline-related highway fires, is mechanical failure or malfunction, 
most commonly characterized as a part failure, leak, or break. Of the 
fuel-related fires In the consumer complaint files of the National 
Highway Traffic Safety Administration, the most common factor Is 
excessive pressure In the fuel tank <4>. 

Fewer than IX of collisions result In a fire. Incidence of post-colli¬ 
sion fires varies with the severity and mode of Impact, ranging from 
0.12X for rear-end or sideswipe collisions of low or moderate severity to 
0.8X for roll-over crashes of high severity (4). These observations are 
confirmed by laboratory and field tests, which 'demonstrate that It Is 
relatively difficult to Ignite gasoline under simulated accident 
conditions. Friction sparks, such as would result from abrasion of metal 
parts of the vehicle against the road surface, did not ignite gasoline In 
a large majority of the tests. The exhaust systems and catalytic 
converters do not reach sufficiently high temperatures under normal 
operating condlditons to ignite spilled gasoline (5>- 

The tests do show, however, that electrical short circuits resulting from 
direct contact of the battery or other portions of the vehicle's 
electrical system with the metal body, as well as hot filaments exposed 
In broken headlights, can serve as sources of Ignition following a 
collision. These findings are confirmed by fire department statistics, 
which cite the electrical system as a significant factor In vehicular 
fires. 
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HAZARD MATRIX FOR CONVENTIONAL VEHICLES - GENERAL APPROACH 


The only significant differences between natural gas-powered vehicles 
<NGVs) and conventionally fueled vehicles (CFVs) are the fuels and the 
fuel systems The main factor distinguishing the safe operation of NGVs 
<as compared to CFVs) In vehicular tunnels Is the posslbllty of an 
accident or malfunction Involving the fuel or the fuel system, resulting 
In a release of fuel and/or a fire or explosion. Since these hazards are 
also present when CFVs are operated In vehicular tunnels, one way to 
assess the safety of NGVs Is to compare the probabilities and 
consequences of possible accidents Involving these two classes of 
vehlcles. 

Hazard Mat/iies 

Hazard matrices are a tool of risk, assessment that have been used 
extensively for the chemical Industry, aerospace systems and the 
military. In order to assess the safety of NGVs In vehicular tunnels, 
hazard matrices were constructed for both NGVs and CFVs. This section of 
the report discusses the development of the CFV hazard matrix. 

The object of the present study Is a large assortment of vehicles powered 
by compressed natural gas (CNG)—they range from a compact sedan to a 
53-seat commuter bus, and Include vans and light trucks. Because of the 
basic similarities of the fuel systems of all the vehicles, however, two 
vehicle types—passenger cars and buses—were selected as subjects of the 
hazard matrix comparisons between NGVs and CFVs. 

The format of the CFV hazard matrix follows that of the examples 
presented In MIL-STND-882B. To construct such a matrix, the hazardous 
events must first be classified according to severity. Each severity 
class Is then assigned a frequency range, and the appropriate entry Is 
then made In the matrix. Each frequency range does not necessarily 
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correspond to a severity class, and more than one severity class can fall 
Into a given frequency range. However, severity classes and frequency 
ranges are generally chosen so as to approximate a one-to-one corres¬ 
pondence between severities and frequencies. 

SOURCES OF DATA FOR THE CFV HAZARD MATRIX 

Fuel-related hazardous events fall Into two general groups, 
collision-related (or post-collision) and noncol11slon. Collisions are 
commonly Investigated by the police, who In turn file accident reports 
with the state motor vehicle bureaus. Several states require that 
Information regarding post-collision fires and/or fuel leaks be Included 
In these reports. Copious data therefore exists In those states that 
maintain computerized files of such accident reports. These have been 
the subject of several studies which provide valuable Input data for the 
hazard matrix. By contrast, reliable statistical data on noncollision 
vehicular fires (by far the more frequent occurrence) has been found in 
only one source, the National Fire Incident Reporting System (NFIRS), 
discussed below 

Data Sources_for fl oncol11slon Ha zard ous Event s 

National Fire Incident Reporting System (NFIRS) . NFIRS Is a omputerized 
data base maintained by the U. S. Fire Safety Administration, a division 
of the Federal Emergency Management Agency. Information Is gathered ^rom 
participating fire departments throughout the U. S. The senior officer 
on the scene of the fire fills out a standard form (NFIRS-1) which lists 
essential Information regarding each fire. These forms are tabulated by 
each state and then consolidated by the Fire Administration on an annual 
basis. Copies of the data files and the appropriate software for their 
analysis are maintained by the Center for Fire Safety Studies of the 
Worcester Polytechnic Institute (WPI). 
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Each record tn the NFIRS-I data file consists of a series of codes, each 
of which describes an aspect of a single Incident. Although there are 
codes to specify the location of a vehicle fire, a vehicular tunnel Is 
not among the options (although Included In the list of codes, It refers 
to fires Involving the tunnel Itself). Therefore, the location code most 
closely .elated to a tunnel Is one for "limited access highway, divided 
highway" <6>. HPI furnished us records of all vehicular fires with that 
location code which occurred In 1986 (the latest year for which complete 
data were available). HPI also performed a count of total vehicular 
fires In 1986 as well as a count of all vehicular fires for which no 
specific location code was entered. 

NHTSA consumer »f£ty_C011tpla1nts. The National Highway Traffic Safety 
Administration (NHTSA), part of the U. S. Department of Transportation.' 
maintains a computerized file of safety complaints received from vehicle 
owners Since this constitutes a spontaneous reporting system, the 
statistics have no meaning In terms of absolute frequencies of 
occurrence Nevertheless. It appears to be the best source of data on 
noncollision, nonfire hazardous events Involving CFVs. This file was 
analyzed*by the Center for Auto Safety (CAS), which cited the results in 
Its report on vehicular fuel system safety problems (J). 

Federal Hlghway_Admlnlstrat1on - Hlnhwau statist!,-,, The Federal Highway 
Administration (FHHA), a division of the U* S. Dept, of Transportation, 
publishes an annual compilation of highway statistics. Including the 
annual vehicle-miles driven on various categories of roads In the United 
States <7>. 

Port Authority. The Port Authority of New York and New Jersey furnished 
ventilation data on the Lincoln Tunnel which Included the lengths of each 
of the three tubes. 
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State of II1Inols . The State of Illinois accident report forms Include 
an entry on the occurrence of a fire. Data for the years 1975-80, which 
Included all reported accidents on state and federal highways and In most 
local jurisdictions except the City of Chicago, were analyzed by the 
University of Michigan Highway Safety Research Institute (HSRI) (now the 
University of Michigan Transportation Research Institute) C8>. <3>. 

Stat e of Michigan . The State of Michigan accident report forms Include 
entries on the occurrence of fires and/or fuel leaks. A NHTSA Technical 
Report evaluating the fuel system Integrity of passenger cars analyzed 
the computerized data base compiled from these reports for the years 
1978-80 (4). In addition, a microfilm file of hard-copy police reports 
of all fatal accidents for the years 1968-71 was analyzed by HSRI to 
determine the incidence of deaths caused by fire (IQ). 

Port Authority. The Port Authority published a statistical compendium of 
motor vehicle accidents on its facilities In 1987, the latest year for 
which these data were available (JJ.)- Included Is a tabulation of 
accidents which occurred In the three tubes of the Lincoln Tunnel, 
classified by type of collision (rear end, side swipe, etc.), and of the 
traffic volume in the tunnel for that year. 

METHODOLOGY 

The Lincoln Tunnel was chosen to represent vehicular tunnels In New York 
City. Although the Triborough Bridge and Tunnel Authority maintains a 
file of accidents on Its facilities, as does the Port Authority (PA), 
only the PA prepares a statistical tabulation of accidents by type and 
location, of the two PA tunnels, the Lincoln has the higher percentage 
of passenger car and bus traffic, the two vehicle types selected for the 
hazard matrix analyses* 
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After severa' trial formulations of the hazard matrix, the hazardous 
events were d'vlded Into five severity classes: 

o Exploslon/BLEVE 

o Major fire (fatality or Injury attributable to fire) 

o Moderate fire (no casualties, property damage In excess of 
$2.50C) 

o Minor fire (no casualties, property damage less than $2,500) 
o Fuel sp111, no f1 re 

The frequency of each of these events was determined for cars and for 
buses. The. frequencies of post-collision and noncolllslon fires and fuel 
spills were calculated separately and then added together to yield a 
single hazard matrix for each of the two vehicle types. 

Non coll 1slo n Events 

Noncollision hazardous events related to vehicular fuel systems are 
generally the result of malfunctions of the fuel systems and are 
therefore not strongly Influenced by the type of roadway <1.e., a 
tunnel). In any case, no statistical data on the severities and 
frequencies of such events In vehicular tunnels were found. The best 
available data were therefore used to estimate the frequencies of such 
events, per vehicle mile travelled (VMT). This estimate was then used to 
predict the Incidence In the Lincoln Tunnel. 

Fires. The NFIRS data were used to calculate the annual Incidence of 
gasoline fuel-related vehicular fires on highways. A total of 11,183 
computer records with the requested specifications were furilshed by 
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HPI. The NFIRS data base contains an estimated 4071 of all fires 
occurring in the United States In 1986. Each record was checked for the 
following data (description taken from NFIRS Handbook (£)): 

o Mobile property type: 

Automobile 

Bus, trackless trolley 

o Type of material Ignited: 

Gasoline 
Other material 
Unspecified 

o Ignition factor: 

Collision, overturn, knockdown 
Incendiary or suspicious 
Other factor related to vehicle 
Not specified 

o Form of heat of Ignition (If Ignition factor not specified): 

Spark, ember or flame, or backfire from Internal combustion 

engine 

Other 

o Casualties 

One or more killed or Injured 
No casualties 

o Dollar loss (If no casualties): 

> $2.500 
— * $2,500 

Not stated 
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The numbers of fires meeting various combinations of the above criteria 
were determined by means of a simple interactive computer program. 

Because many of NFIRS records were incompletely or erroneously coded, 
counting only those records which met a set of given criteria would 
seriously underestimate the actual frequency of the corresponding event. 
To determine the true incidence of a given event, all incidents which 
definitely fell into other categories were also counted, as were the 
Incidents which could not be classified. For example, there were 3,200 
passenger car fires in which gasoline was the material ignited and 3,157 
car fires where a different material was named. In 2,963 cases, however, 
no single material was Indicated. The number of gasoline fires was 
therefore calculated as follows: 


N n 



N g " Adjusted number of automobile fires involving gasoline 
- 4692 

N, - Total number of recorded automobile fires 

® • 

- N a + N© ♦ fires involving unspecified materials 
9320 

n^ - Number of recorded automobile fires Involving gasoline 
3200 

n Q - Number of recorded automobile fires involving other 
materials 

- 3157 • 

Explosions or BLEVE s. The incidence of actual explosions (detonations) 
or boiling liquid/expanding vapor explosions (BLEVEs) are not coded 
separately in the NFIRS data base. The only reference to the frequenc 
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of these events Is in the CAS analysis of the NHTSA consumer complaint 
files, which found that "explosions, either alone or in crashes, 
accounted for less than IX of all fire reports ..." (3>- The frequency of 
explosions/BLEVEs was therefore conservatively assumed tg be a low value 
of 0.5X of the frequency of total fires (collision and noncol fP^on). 
Since no separate data on fuel explosions in buses were found, the same 
ratio of explosions to fires was assumed for both cars and buses. 

Fuel leaks- Although the NFIRS report forms allow the entry of incidents 
involving fuel leaks with no Ignition, it appears to be the practice of 
fire departments not to report such incidents. A search of the 1986 
NFIRS data showed no occurrences of fuel leaks unaccompanied by fires on 
highways. The only data on fuel leaks not accompanied by fire or 
collision were in the CAS study (3>- Appendix E of that report lists 
approximately 1.100 fuel-related safety complaints received by NHTSA. 
coded by type-of problem reported. A manual search of these data showed 
154 instances of leaks and 44 fires, a ratio of 3.5 to 1. (A frequent 
complaint was spurting or spraying of fuel from the filler neck, 
especially when the cap was removed. Since drivers are unlikely to 
remove fuel caps in a highway tunnel, fires resulting from such an event 
were not included in calculating this ratio.) The frequency of 
noncollision fuel leaks was determined by multiplying the frequency of 
noncollision fires by the ratio of leaks to fires. Since no separate 
data on noncollision fuel leaks in buses was found, the same ratio of 
leaks to fires was assumed for both cars and buses. 

No rmaliza tion p er vehicular crossing of Lincoln Tunnel . To determine the 
probability of a noncoll’slon hazardous event occurring during a 
vehicular crossing of the Lincoln Tunnel, the annual Incidence of such 
events on highways in the U. S. In 1986 was divided by the total highway 
VMT for the same year for passenger cars and buses, respectively. This 
result was multiplied by the average length of the three tubes of the 
tunnel to yield the expected frequency per vehicular crossing. 
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POLt-Co!JJsi gn Events 


The incidence of post-collision hazardous events depends on the 
frequencies and types of collisions, which in turn are strongly 
Influenced by the roadway and traffic conditions of the tunnel. 

Therefore, the PA accident statistics for the Lincoln Tunnel were 
combined with data on accident consequences to project the frequency of 
occurrence of post-col 1 tefon events in the tunnel. 

Table 5-1, below, shows -the six different types of collisions listed in 
the PA accident summary, along with the total number of accidents of each 
type which occurred in the three tubes of the tunnel In 1987 (JJ.). The 
frequencies of post-collision leaks, fires and fire-related deaths were 
based on analyses of afddent statistics for Illinois and Michigan, the 
only states which maintained sufficiently detailed accident records to be 
useful for this purpose. A detailed discussion of this table is found in 
the following sections. 


PROJECTED ANNUAL PROBABILITIES OF POST-COLLISION HAZARDS 
IN THE LINCOLN TUNNEL 


TYPE OF 

[jQ . _ 


FIRES 


DEATHS: FIRE/TOTAL 

COLLISION 

Acc. a/ Per Acc. 

Total 

Per Acc. 

Total 

Per Fire Total 

Rear end 

201 .0117 

2.36 

1.45E-3 

.291 

.73 .212 

Sideswipe 

h/ 24 

0 3 6.71E-3 


1.06E-3 

.025 


Opposite dir 

.020 

5.54E-3 

.0163 

.58 9.45E-3 

Angle 

6 


0.92E-3 

.0054 

.5 2.70E-3 

Fixed object 

14 6.71E-3 

.094 

5.53E-3 

.0077 

.82 6.31E-3 

Other 

_2S 





Tota1/Ave. 

277 

3.14 


.465 

.72 (wtd ave) c ' 


Number of accidents 
Opposite direction 
Weighted average 
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Lwks The NHTSA analysis of the Michigan accident data Includes a * 
tabulation of fuel leaks following frontal and rear-end crashes In 
1976-80 model passenger cars In Michigan during the years 1978-80 (4). 

For the purpose of projecting the frequency of leaks, opposite-direction 
accidents and collisions with a fixed object are assumed to be frontal. 
Thus, the number of accidents of each of the three types (rear end, 
opposite direction and fixed object) was multiplied by the frequency of 
leaks following each type of accident to project the total number of 
leaks following that type of accident. Since there are no leak frequency 
data coi^sponding to the other accident categories, the total number of 
leaks w^Pcalculated by prating these accidents among those In the 
three categories itemized above (see the discussion of noncollision 
gasoline fires above). 

Fires The HSRI report Includes a tabulation of post-collision fire 
frequencies in Illinois for 1976 and later model year cars (0). The 
classification of collisions In these tables resembles the PA classifi¬ 
cation more closely than does the one In the Michigan fire data; there¬ 
fore. the Illinois data were used to project the occurrence of such fires 
In the tunnel. Rear-end collisions were tabulated by two categories: 
both vehicles moving or one vehicle stopped. Since the PA statistics do 
not make this distinction, the frequency of fires following rear-end col¬ 
lisions was taken to be the average value for the two categories. As was 
done with leaks, the number of "other" accidents was prorated >mong the 
listed categories in calculating the total numb.r of post-collision fires. 

The NFIRS data base provided the only source of Information which enabled 
post-collision fires to be classified by severity. As In the NFIRS data 
analysis of non-collision fires, the numbers of post-collision gasoline- 
related fires occurring on highways which fell Into each of the three 
severity classes listed In Table 5-2, below, were determined. The total 
number of post-collision fires predicted for the ttfhnel was distributed 
among the severity classes In proportion to the distribution of gasoline- 
related post-collision fires In the NFIRS data. 
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Table 5-2 


HAZARDOUS 

EVENTS 

PER VEHICULAR 

TRANSIT OF 

LINCOLN TUNNEL 


Leak. 


Flrt 


Explosion/ 



<$2500 

>$2500 

Casualty 

BLEVE 



■ 



Automoblle: 


4 

* 



Noncol1. 

6.85E-8 

1.61E-8 * 

3.37E-9 

1.11E—10 


Coll Is Ion 

7.76E-8 

1.098-8 

1.05E-8 

1.36E-9 


Total 

1 46E-7 

2.71E-8 

1.38E-8 

1.47E-9 

2.12E-10 

Bus: 

2.12^-7 

4.93E-8 

7.58E-9 

3.34E-9 

3.01E—10 


The number of fires resulting In a casualty had to be adjusted, however, 
since the NFIRS-1 data base does not distinguish casualties In post- 
collision fires due to the fire from those due to the collision Itself. 
Such a distinction was made In Cooley's analysis of the i968-71 Michigan 
fatal accident statistics <lfi>. That study determined the fraction of 
deaths due to fire In fatal collisions accompanied by fires for four 
collision types which were similar to four of the categories listed In 
Table 5-1 The next-to-last column In that table lists the fire-death to 
total-death ratio for each of these categories. The final column lists 
the product of this ratio and the total expected fires In each category. 

Normaliza tion pe r vehicular crossing of Lincoln Tunnel . To calculate the 
probability that a vehicle traversing one of the tubes would experience a 
post-collision hazardous event, the projected annual frequency of such an 
event was divided by the annual traffic volume for the tunnel. Since the 
tunnel accident statistics do not specify the type of vehicle Involved, 
the same f1gure--40.443.000 vehicles—was used In the calculation both 
for autos and for buses. 
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RESULTS AND DISCUSSION 


The results of the calculations are displayed In Table 5-2. The hazard 
matrices for passenger cars and buses, based on these data, are found in 
Tables 5-3 and 5-4. 

Comp a r Lson_w !.Hl. Actua l T unne l-Fi re Experi e nce 

The overall probability that a passenger car would experience a gasoline- 
related fire during one transit of a tube of the Lincoln Tunnel is 4.28 x 
10” 8 . Based on the 1987 traffic volume, 1.73 such fires are predicted. 

By way of comparison, there were five car fires In the tubes In 1988 
(12). Since national statistics show that approximately one half of all 
car fires on highways are gasoline-related, the calculated value Is less 
than the actual lively frequency of such fires. 

Five fires Is a very small statistical sample and this number could vary 
appreciably from year to year. Given this uncertainty and the wide range 
of data sources employed to produce the statistical prediction, the 
agreement of the prediction with actual experience Is quite good. 


TABLE 5-3 


# 


'HAZARD MATRIX FOR CONVENTIONAL VEHICLES: 
PASSENGER CARS 


1 

FREQUENCY 3 ' 

1 


HAZARD CATEGORY*!' 



1 

1 1 

1 

2 13 14 

1 5 


1 

1 

10 - 7 to 3 » 10 ~ 7 

1 

1 

1 

1 

1 1 

1 1 

1 

1 X 


1 

3 « lO- 8 to ! 0 - 7 

1 

1 

1 1 

1 


1 

10-8 to 3 x 10-8 

1 

1 

1 X 1 X 

1 


1 

3 x 10-9 to 10-8 

1 

1 

1 1 

1 


1 

10-9 to 3 x 10-9 

1 

1 

X 1 1 

r 


1 

1 

© 

1 X 

1 

1 

_L_ 

1 1 

1 1 

1 

_J_ 



a/ Frequency per vehicular transit of Lincoln Tunnel 
b/ Hazard Categories: 

1. Exploslon/BLEVE 

2. Major fire (fatality or Injury attributable to fire) 

3. Moderate fire (no casualties, property damage >$2,500) 

4. Minor fire (no casualties, property damage <$2,500) 

5. Fuel spill, no fire 
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TABLE 5-4 


HAZARD MATRIX FOR CONVENTIONAL .VEHICLES: 
^BUSES 


FREQUENCY 3 ^ 

1 

1 



HAZARD CATEGORY 67 




_ 1 

1 

1_ 

2 

1 3 

1 4 

1 

5 

10 - 7 to 3 x 10 - 7 

1 

1 


1 

1 




1 

1 

X 1 

3 x lO - 8 to 10 - 7 

1 


1 




1 


10-8 to 3 x 10-8 

1 


1 


1 X 

1 X 

1 


3 x 10-9 to 10-8 

1 


1 




1 


o 

o 

o 

1 


1 

X 



1 


<10-9 

i 

X 

1 




1 



_L_ 


_1_ 




_L 



a/ Frequency per vehicular transit of Lincoln Tunnel 


Hazard Categories: 

1. Exploslon/BLEVE 

2. Major fire (fatality or Injury attributable to fire) 

3. Moderate fire (no casualties, property damage >52,500) 

4. Minor fire (no casualties, property damage <52.500) 

5. Fuel spill, no fire 









HIGHWAY TUNNEL FIRE EXPERIENCE 

A comprehensive report on "Prevention and Control of Highway Tunnel 
Fires” (13> prepared for FHA on May 84, reviews the reported highway 
tunnel fires In the United States and world-wide since the Holland tunnel 
fire of May 13. 1949. The tunnel fire survey concluded that a total of 
ten noteworthy fires took place In highway tunnels; 5 major fires and 5 
medium fires. The categorization of fire severities (1_3> Is based on 
the order of magnitude rate of energy output Q In megawatts (MW) : 

1. Small automobile fires (1 MW < Q < 10 MW) 

2. Medium automobile fires (10 MW < Q < 100 MW) 

3. Major hazardous material fires (Q > 100 MW ) 

SfflflJ 1 A utomoblle fires 

"Small automobile fires are routine incidents, occurring as frequently as 
weekly In congested urban tunnels. They have been universally 
extinguished without difficulty to date. No noteworthy examples are 
cited by tunnel operators Interviewed during the study, none were 
featured In the literature." 

Med 1um Iu nnel Fires 

As calculated In Section 8 of this report, a rupture of a 60-gal ion 
gasoline tank results In a pool fire characterized by a maximum energy 
release rate of 46 MW which falls In-the category of medium fires. 

Five medium fires were Identified (Jj), four in the United States and one 
In Vancouver, British Columbia. The medium tunnel fires scenarios are 
briefly summarized as follows: 
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1 . 


Wallace Tunnel . Interstate Highway I-10. Mobile Alabama, late 
1970, 2 AM., in a very light traffic, enyl ne f Fre from a broken 
fuel line In a camper truck. Electric fuel pump fed fire after 
engine turned off. Owner abandoned vehicle, vehicle completely 
consumed by fire, minor damage to tunnel, no injuries. 


(Ventllatlon 
Instructions, 


system left Inactive 
tunnel filled with s 




■ department 
re fighters unable to 


reach the site of fire.) 


2. S quir r el Hill . Pittsburgh, Pennsylvania. Private auto abandoned 
and set afir e In deserted, early morning tunnel. Fire 
extinguished without incident, vehicle destroyed, no damage to 
tunnel, no Injuries. 

3- Blue Moun tain. Pennsylvania Turnpike, Pennsylvania, 1966. Truck 
carrying fish oil caught fire In the tunnel, fire extinguished 
without Incident, unspecified damage to truck, minor If any 
damage to tunnel, no Injuries. 


4 Chesapeake BrIdae/Tunnel . Norfolk, Virginia, April 1974. 
Si*-wheel closed refrigeration truck blows left rear tire and 
careens out of control down grade In south tunnel, contacts curb 
and overturns, blocking both lanes. Full 50-gallon, fiberglass 
fuel tank explodes In flames upon overturn. Tunnel attendant 
hears blowout, observes overturn and explosion, assists driver 
and directs him to safety, halts oncoming traffic. Fuel fire 
brought under control within six or seven minutes, secondary 
fires extinguished soon after. Truck essentially destroyed, 
minor damage to the tunnel, one Injury (t r uck driver). 

5. The fifth medium tunnel fire of Vancouver, British Columbia has 
not been discussed In literature. 
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Majoil Tunnel F ires 


Four major hazardous material fires occurred world-wide in highway 
tunnels: two in the United States, one in Japan, and one in H. Germany. 
Another Baltimore Harbor Freeway fire occurred just outside a vehicular 
tunnel. 

• 

1. Hol land Tunnel Fire . Holland Tunnel. Port Authority, May 1949. 
Comprehensive reports (14) & (15> of the 1949 Holland Tunnel 
fire and the summary presented in (lj). describe the chain of 
events that resulted in the worst fire to strike a highway 
tunnel in the United States. A detailed description of the 
Holland Tunnel fire Is not required for this study, yet the 
magnitude of the fire Is hereby demonstrated by listing the 
amount of material consumed by fire: 

Ten trucks heading east were Involved in the fire during the 
early stages. Five trucks Including the fire-originating 
carbon-disulphide unit were 2900 ft from the New Jersey Portal, 
the other five trucks were 350 ft to the rear of the forward 
group. 

The forward trucks consisted of three trucks containing meat, 
bottled bleach, and paint supplies, and a fourth vehicle that 
was empty, as well as the carbon-disulphide truck with a load of 
80 (55-gallon) drums of the highly Inflammable liquid. The 
second group of trucks contained wax. clams, groceries, tomato 
juice, paper rolls, and wooden barrels. All of the trucks 
(other than the meat truck) and their contents were consumed by 
the fire. 
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Miraculously, no fatalities resulted in spite of the estimated 
damage of one million dollars (In 1949 dollars). The magnitude 
of the fire is highlighted by noting that 650 tons of debris 
were removed from the tunnel, and that metal parts of the truck 
bodies fused Into one solid mass by the Intense heat of fire. 

The Holland Tunnel fire Involved hundreds of tons of combustible 
materials, yet was successfully put out with no fatalities due 
to effective tunnel ventilation and fire suppression systems. 

The ventilation system removed significant quantities of smoke 
and heat from the fire site, enabling fire fighters to approach 
the fire and to remain long enough to control It. 

2. Caldecott Tunnel. US Route 24, Oakland, California, April 1982. 
Ref (1£) along with the summary presented In (lj) provide 
detailed information on this fire that cost seven lives (the 
highest In the United States). This fire involved a car driven 
by an intoxicated driver stopping In the tunnel, and a speeding 
bus. unaware of the stopped car, trying to pass a full gasoline 
tank-truck and tank- trailer. Multiple collisions occurred. 

The collisions caused the trailer of the tank-truck to become 
unstable and overturn.* The trailer tank ruptured, and the 
spilled gasoline Ignited. The truck driver brought the rig to a 
stop, exited the tunnel's west portal on foot, as many as 20 
cars entered the Tunnel's east portal. The fire consumed the 
gasoline load of both the tank-truck <4,000 gallons) and the 
tank-trailer (4,800 gallons) except for 200 to 300 gallons that 
drained Into the gutters. Burning gasoline flowed down the 
gutters of the roadway. Similar to the Holland tunnel fire, the 
Caldecott Tunnel fire overwhelmingly exceeds the currently 
studied potential hazards. Moreover, gasoline tankers are not 
allowed transit In the N.Y. highway tunnels. Detailed discussion 

The tank-trailer was attached to the tank-truck by a draw-bar not by a 

fifth wheel. 


• 

of this fire is not required for this report. It is noteworthy, 
however, that the inefficient tunnel ventilation in this case 
aggravated the fire. As the tunnel filled with smoke, no 

suppression was possible for an extended period of time, and all 

* 

vehicles Involved, including the tank-truck and tank-trailer, 
were completely destroyed by the fire. 

3. Balt imore Harbor Freeway, Baltimore, Maryland, March 1978. A 
soft drink delivery truck ramed a fuel oil tanker from behind in 
heavy traffic one-quarter mile after exiting east portal of the 
tunnel. Fuel spilled from the soft drink truck ignited and 
spread to the tanker. The third truck carrying creosoted 
railroad ties also ignited. The review of this fire as well 
reveals that it Involved hazardous material and that similar 
scenarios cannot be postulated for the N.Y. highway tunnels. 

4. N ihpnzaka Tunnel . Japan, July 1979. Four large trucks and two 
autos were Involved in a collision three-quarters through 
westbound tube, spilled fuel ignited, 231 vehicles are in the 
tunnel behind the fire or enter the tunnel in contravention to 
emergency warning at east portal. The result of the fire is 
seven fatalities, 173 destroyed vehicles and extensive damage to 
the tunnel. 

5. Moorfleet Tunnel . Hamburg, West Germany, August 1969. Driver of 
truck trailer combination carrying 14 tons of polyethylene 
stopped in cut-and-cover tunnel. Discovered burning tire on 
trailer, uncoupled and drove tractor out of tunnel. Fire was 
extinguished using foam, water used to cool wreckage. Tunnel's 
celling tiles damaged. No other details available. 

It should be pointed out here that the calculations of Section 8 indicate 
that a case of an Instantaneous release of 60 gallons of gasoline by BLEVE 
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'1 ' 

is characterized by an energy release rate of 1188 MW. Therefore, a 
60-gallon gasoline BLEVE is categorized as a major hazardous material 
fire. 

However, with effective tunnel ventilation and fire suppression, the 
radiated heat intensities of the above-mentioned event can very well be 
reduced due to the reduction of the radiative heat fraction as the 
ventilation air velocities Increase, smoke and heat are removed, and as 
the fire suppression efforts proceed. 

The rarity of significant highway tunnel fires should not be viewed as to 
the safety of conventional vehicular fuels. In fact, the potential 
hazards of gasoline tanks are undoubtedly very real. Howevet , the large 
number of minor fires in tunnels (50 annually on the average) is 
indicative of the potential hazard of gasoline. The very fact that small 
fires do not progress into large fires Is indicative of the effectiveness 
of tunnels' ventilation systems (both transverse and longitudinal). 

The rarity of major fires is Indeed testimonial of the fire suppression 
effectiveness, the excellent tunnel emergency preparedness, and 
regulations enforcements concerning hazardous material transit of tunnels. 
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Section 6 


CNG SAFETY EXPERIENCE 


GENERAL 

In order to quantify the risk that CNG vehicles pose In tunnels, a 
worldwide review was undertaken of the experience applicable to CNG 
safety This review encompassed published literature, government 
reports, data bases, and personal contacts. The information obtained can 
be generally classified in the following general categories: 

o General Review 

o Hazard Analyses 

o Testing Programs 
o Operational Experience 

CNG vehicle use on a wide scale started In Italy In the 1930s. and Italy 
today continues to have the largest fleet in Lhe world. Rapid growth 
elsewhere did not happen until the late 1970s or early 1980s. In 1985 
there were an estimated 461.600 CNG vehicles operating In the world (i>; 
of which a breakdown by country is shown In Table 6-1. Recent estimates 
place the figure around 500,000 vehicles (21- This represents an 
accumulated experience of greater than 25 billion miles; small by 
conventional fuel standards but not insignificant In terms of experience 
data. 

The vehicles In all the countries are similar, and In fact vehicles in 
the United States usually have a mixture of US and Italian components. 
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Table 6-1 


CNG VEHICLES IN OPERATION*/ 


COUNTRY 

Argentina 

Austral la 

Bangladesh 

Cameroon 

Canada 

Columbla 

France 

Iran 

Italy 

Malaysia 

New Zealand 

Pakistan 

Thai land 

USA 

USSR 


a/ From Refe' 


•Thence 1. 


CNG VEHICLES (1085) 
1,024 
70 
40 
20 
5,100 
221 
2,000 
1 .000 
300.000 
20 

120,000 

101 

20 

30,000 
2,000 
461.616 
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Ne. Zealand originally adopted US standards, and most he. Zealand 
conversion kits come from U.S. and Italy; although Ne» Zealand suppliers 
have sprung up , 3 , , 4 , (5) Vehicle types and use are mixed. CNG 
vehicles in the U.S and Canada are almost exclusively fleet operated and 
tend to be light commercial vehicles with some sedans. Italy and France 
are almost all private vehicles <fi). New Zealand Is a mixture of half 
private and half fleet vehicles ( 7 ). 


The main dlffe ence between the CNG system of various countries is the 
cylinder standards and need for a cylinder-mounted pressure relief 
device Canada has mostly the U.S. DOT-approved cylinders In operation 
. now. but Is trending toward a 201 lighter cylinder < S >. Italy and Europe 
have an even lighter cylinder with no pressure relief, and are 
experimenting with a non-metallic cylinder. New Zealand Is also starting 
to use a lightweight non DOT-approved cylinder Based on design. U.S. 
vehicles should be at least as safe if not safer than other countries 
It is noted; however, that some foreign governments take a more active 
role in ensuring proper design and maintenance of the CNG system. The 
Italian government, for example, mandates and actively participates in 
conversion approval, annual Inspections, gas purity and cylinder design 
and testing ( 9 ). 


Information on tunnel-specific restrictions was also sought. In addition 
to the New York City and Baltimore Tunnel restrictions already mentioned, 
there are some restrictions on CNG vehicles In tunnels around Montreal, 
and Ontario transit buses are required to have CNG cylinders on the roof 
for certain tunnels No other tunnel restrictions could be found In U.S. 
or Canada, and there are no tunnel restrictions In Italy <HJ). 

GENERAL REVIEW 


A review of available literature Indicates that there Is a broad 
consensus throughout the Industry that CNG safety has been established, 
that CNG vehicles are as safe or safer than gasoline, and that the real 
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,s *ues are natural gas supply and cost. A variety of authors (n) <li) 
<13> <M> ( 15 > ( 1 $) (17) have provided a safety overview of CNG vehicles 
and have supported CNG vehicle safety for one or more of the following 
reasons. 

o The physiological and thermochemical properties of methane make 
it safer than gasoline 

o Good worldwide operational experience 

o No one has been killed and few injured by the CNG 

o Proven cylinder integrity 

o Fire rate for CNG vehicles appears substantially less than 
gasoline 

c Positive results of various test programs 
o CNG vehicles are engineered for safety 

There areesome cautionary notes because some of the above authors plus 
others ■ T8 1 '!$> 120) (21) feel that there are some concerns in the 
following areas 

o Lack of sufficient CNG mileage to draw conclusions 

o Cylinder corrosion caused by poor quality gas 

o Gas shut-off mechanism - numoer and location 
o Benefit of an excess flow valve 

o Leaks from fittings 

o Cylinder bracket design 

o Lack of a national standard for CNG vehicles 
o Integrity of the passenger compartment 
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HAZARD ANALYSIS 


'here have been five published hazard or safety analyses of CNG 
vehicles. In 1971, Jennings and Studhalter <221 performed a safety 
analysis of a CNG tank by the system engineering approach and Identified 
several problem areas requiring engineering attention. Present CNG 
vehicles have engineered features which address all the operational 
problem areas Identified In this study. 

Shooter and Kalellcar <2j> performed a safety analysis of gaseous fueled 
vehicles In tunnels around Boston. Their methodology was to estimate the 
probability of release times the magnitude of the consequence. The study 
concluded that well-designed gaseous fueled vehicles posed no greater 
hazard than conventional vehicles, but warned about the risk of poorly 
designed and maintained vehicles. This study had a paucity of data to 
back up its conclusions, and was prior to the US NGV Industry setting 
standards in design and testing. 

The most widely referenced study was that of Porter (24) performed by the 
AGA In 1979. This study examined the experience of fleet vehicles that 
had accumulated 175 million miles. The study noted that no deaths and 
only one Injury had ^suited from the CNG, and in 1,360 collisions ro 
fires resulted. A comparison with gasoline accident rates was very 
favorable, but the weakness of the analysis Is obviously the low mileage 
of the data base vehicles. 

In 1987, the AGA issued what was essentially an updated verlson of the 
Porter study <£5). This survey examined fleets accumulating 434.1 
million miles and concluded that Injury rates per mile were 84X less for 
CNG vehicles than for all US vehicles. For vehicles In use there were no 
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deaths or injuries and only two fires attributed to the CNG, while there 
were eight gasoline fires. These-stat1 sties are an improvement over the 
pievious study, but greater vehicle miles are still needed for a strong 
conclusion. 

Los Alamos National Laboratory (1_3) conducted a safety assessment of 
gaseous fuels for a variety of scenarios. Their methodology was to blend 
technical data, expert judgement, numerical analysis and statistical data 
to anive at a relative safety ranking. They concluded t'vt the relative 
safety depends on the scenario. Diesel fuel was considered relatively 
safe in all scenarios. Gaseous fuels were judged less safe than gasoline 
in an enclosed garage and in fuel line rupture scenarios. Gaseous fuels 
were safer in collision scenarios, significantly even for collision 
inside a tunnel. 

In an unpublished study <8>. a review of US. Canada. Italy and 
New Zealand CNG data, indicated a death and injury rate due to fire 
'•nlv a small fraction of the comparable gasoline casualty rate. 

TESTING PROGRAMS 

a series of testing programs, mostly aimed at cylinder integrity, has 
been conducted over the years, generally with positive results. In 1971, 
the DOT carried out a series of Impact tests on dual-fueled CNG and LNG 
vehicles that Included vehicle barrier crashes, sled tests on components, 
and cylinder drop tests (2£>. The CNG cylinders came through the tests 
without leaking. and in general verified the robust character of the CNG 
system The author does raise some questions on the hazard of rear end 
collisions being increased by cylinder intrusion Into the passenger 
compai tment and the shortening of the vehicle crush distance, but this 
was based on cylinders mounted parallel to the vehicle's long axis which 
is no longer done 
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In another series of tests, composite aluminum CNG cylinders were 
subjected to a variety of external forces Including high-speed collision, 
gunfire, and dynamite <2i>. A CNG vehicle was dropped from a height of 
30 feet to simulate a 34 mph rear end collision. The gasoi'ne tank was 
destroyed but the CNG cylinder did not leak or rupture. In a bonfire 
situation the relief valve opened with no other damage to .he .yllnder. 
The tests Indicated to the author that aluminum CNG cylinders art as safe 
or safer than conventional gasoline tanks. CNG Cylinder Corporation 
distributes a video tape showing additional CNG vehicle drop tests up to 
* height of 60 feet with no cylinder failure. 

A test was conducted In New Zealand to dete mine If a fire-induced CNG 
cylinder rupture occur A CNG vehicle with a partially filled cylinder 
was set on fire but no rupture or leak occurred other than a safety 
rellef valve. 


TES of Canada conducted both crash and fire tests on CNG vehicles (25). 
The CNG vehicles, after crashes of 44 and 48 mph. showed some dislocation 
of components but no leaks or fires resulted. In the fire test, gas 
eventually leaked and burned from the regulator. 

OPERATIONAL EXPERIENCE 

An extensive review of published literature and government reports was 
undertaken accompanied by interviews with over two dozen personnel 
Involved in the CNC- Industry. Although operational data is not extensive 
and much of It Is anecdotal In nature, some key points support the safety 
of CNG vehicles: 

No CNG cylinder has failed or ruptured. 
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There have been no documented deaths or Injuries due to CNG in 
operational vehicles In the U.S.. Canada and Italy. 

Accidental fire rate for CNG vehicles Is less than CFV. 

For dual-fueled vehicles, many users report gasoline fires 
occurring more frequently than CNG fires. 

Small leaks do occur with some regularity and may be more 
prevalent than In CFVs. but this may be partially due to the 
fact that odorlzed natural gas Is easier to detect. 

Tank corrosion by H^S and other Impurities In natural gas has led to 
catastrophic failures In other applications. However, no failure has 
been reported of a CNG tank using dry noncorrosive gas. The Italian 
Ministry of Transport reported no records of any CNG vehicle cylinder 
explosion (i>. Pressed Steel Tank Company, the U.S. manufacturer of CNG 
steel tanks, indicated that there has never been a failure of one of 
their tanks '20). CNG Cylinder Corporation, the U.S. manufacturer of 
aluminum CNG tanks. Indicated that there has never been a failure of 
their 6061 alloy tank (3J). A survey of Canadian agencies, suppliers and 
researchers resulted In a unanimous statement that no Canadian CNG 
vehicle cylinder failure has occurred. 

Unfortunately, data from Italy, the country with the most experience. Is 
difficult to find. In 1979. the New Zealand Liquid Fuels Trust Board 
investigated the CNG vehicle situation In Italy, and reported that after 
30 years of use there was no recorded Incident of deaths or Injuries due 
to the CNG This is significant, since at the U.S. vehicle fire 

casualty rate of 1.2 x 10”^ Injuries or deaths per vehicle-year, one 
would expect three casualties per year and an accumulated casualty figure 
In 1979 of more than 30 casualties. The lack of hard data in the New 
Zealand report, however, weakens any conclusions to be drawn from It. 
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The American Gas Association studies t24J <25). found no gas-related 
deaths or Injuries caused by a CNG vehicle In operation. It Is 
noteworthy that accidents had occurred In the group of vehicles studied 
which totally ruptured the gasoline tank, and gasoline fires outnumbered 
CNG fires by a to 1. Several studies <li> <1S> <22> (23) (24; conducted 
user surveys or examined fleet case histories Few of the users 
Indicated that safety was a problem, although some reported frequent 
minor leaks 

As part of this study, the vehicle fire reports for 1979 to 1985 for New 
Zealand and for 1P82 to 1987 for the Province of British Columbia were 
reviewed This data represents an accumulation of over 1.4 billion 
vehicle miles and a collection of 183 CNG vehicle leak or fire 
Incidents. An analysis of this data Indicates a CNG leak and fire rate 
averaging approximately 101 of gasoline fuel leak and 'Ire rates.(note 
this data does not include small leaks, which may be more prevalent) 

In addition, the fire-to-leak-rate for CNG vehicles Is much less than for 
•gasoline vehicles, giving credence to the contention that the dispersion 
and Ignition characteristics of natural gas make It safer. 

As an example, the 1982 New Zealand CNG vehicle Incidents are shown - 
T ab!e 6-2. This represents the experience of 32.181 vehicles which wVe 
converted to CNG by that year, and covers all Incidents reported to the 
fire department. It Includes both operational and non-operatlonal 
Incidents. 
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Table 6-2 


NEW ZEALAND CNG VEHICLE EXPERIENCE - T 982 a7 


Inci..dent_Tjpe 


Leak 36 
Fire - nonacddent 9 
Fire - accident 0 
Vehicle Fire but not CNG 2 

Total Tf 

Cause of Inciden t 

Vehicle Accident U 
Mechanical Failure 20 
Hyman Error 3 
Exposed to fire 2 
Dirt In valve 3 
Overf111 1 
Other/unknown & 


Total 47 


Typ Ic a 1 — 1st of System Failures 

Failed Joints 
Relief valve fallure 
Leaking joints 
Broken fuel line 
Cylinder disconnect 


Faulty connection 
Burst disc fallure 
Leak at regulator 
Leaking gasket 
Split fuel line 


* Cr om Reference 35 


* n '982. New Zealand had 2449 conventional fue'ed veMc’e 
estimated l 4 million vehicles The f're rate of CNG 

compa>ed to CFV is 16% for that year. Table 6-3 g'ves a s 


*ires and 
i vehicles 
umma r y. 
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Table 6-3 


NE* ZEALAND C I»E DATA 


Ratio CNG/CEV 
n?- es p e r ve^'c’e 




• ?92 
’ 984 
' 355 


. 04 3 ’ 


a .ea» * and ( r*i Incidents *e"e not separated 


*'e r . tc \e at the F'-e Commissioner In Vancouver. B.C. pe-^o'^d a 
survey : c vehicle * : 'es in the province c -cv“ ' 332-’ 53~ 21 

' n e 'et.it* a-e shown in Tab'e 5-4. 


’able 6-4 


VEHICLE FIRE REPORTS 
BRITISH COLUMBIA 



Total All 

Vehicle r ires 


1141 

/ehlcle Fires 

With CNG Fuel First t' 

: Ip r ~ 

1382 

1591 

0 


1383 

1775 

1 


i?84 

1658 

1 


1985 

2113 

1 


1386 

2102 

2 


’ 387 

2675 

4 



In - 9RT according to the BC Department of Motor Vehicles, there were 
i. 681 .597 passenger vehicles in the province and an est’mated 5.000 C**G 
vehicles. An analysis of the data Indicates a CNG fire 'ate 
appro,'mateiy 401 of CFV for the sl t years studied. 
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Section 7 


natural gas accident scenarios and dispersion analysis 

I 

INTRODUCTION 


This section Utilizes the knowledge of the CNG properties, safety 
aspects. NGV design, regulation and safety features as veil as the NGV 
historical experience described previously. All the above are 
Incorporated along with the tunnel's geometrical, ventilation and 
operational data as described In Section a, to develop the NGV accident 
scenarios and to conduct the studies of the gas dispersion In the 
tunnel's environment. The results of this section constitute the NGV 
Input data to Section 8. In which the energy release rates and the energy- 
content of NGV accident scenarios In tunnels are calculated and compared 
to their gasoline counterparts. 


'he analyses and results of Sections 7 and 8 constitute a deterministic 
approach that stands alone Independent of the hazard matrix approach of 
Sections 5 and 9. The hazard matrix approach categorizes the release 
scenarios In terms of the frequency of occurrence (probability) as well 
as a measure of the consequences magnitude (level of severity) 

Risk - frequency x severity. 

In the deterministic approach, however, the analysis focuses on the 
quantification of the consequences of the hazard with no regard to the 
probability. Nevertheless, selection of the credible and representative 
accident scenarios and the assessment of conservatism may require some 
discussion of the likelihood (probability) or frequency of occurrence of 
the Involved scenario conditions. 


ACCIDENT SCENARIOS 


Postulating an accident scenario In transportation hazard analysis 
Involves selection of the event, the vehicle, the location, the 
environment (ventilation rates and air velocity) and In some cases of 
small leaks In tunnels, if analysis Is warranted for such cases, the 
speed of ‘he vehl c1e . 

Vehic1e Sel ections 

A number of typical vehicles is Included In the analysis, with greater 
emphasis or the CNG bus Unlike the other vehicles, the CNG bus Is 
characterized by a fuel energy content higher than the counterpart 
gasoline- fueled bus with a 60-gallon tank. This results from the fact 
that the typical gasol lne-fue'.?d bus Is a smaller sized bus. An 
equivalent full-sized passenger bus would normally be fueled by diesel 
and contain two or more 50-gallon tanks. The smaller amount of gasoline, 
however, is by far the higher hazard potential than diesel and shall be 
considered as the base of comparison In this study. 

Events Selection 

The postulated fuel release may be caused by a number of events varying 
from accident Impactive forces breaking a fuel line to a fire Impingement 
on a CNG cylinder causing the safety relief device to actuate. 

All physically possible causes of the release are listed In Table 7-1. 
Then by the process of elimination, grouping and bounding, the minimum 
number of credible scenarios are obtained. 

Based on the natural gas vehicle experience, and In view of the current 
cylinder standards and regulations, the catastrophic failure of a CNG 
cylinder Is undoubtedly a non-credlble event. This Is an example of the 
e 1 iminatlon process. 


7-2 



Table 7-1 


CNG VEHICLE POSTULATED FAILURES 


NON-COLLISION EVENTS 

X LEAK IN CYLINDER 

✓ LEAK IN HIGH P FUEL LINE 

✓ LEAK IN LOW P FUEL LINE 

✓ RELIEF VALVE FAILURE 

✓ HIGH P SOLENOID FAILURE 

✓ RELIEF VALVE ACTUATION - VEHICLE FIRE 
X CYLINDER FAILURE - CORROSION 

X CYLINDER FAILURE - OVERPRESSURE 

✓ REGULATOR FAILURE 

O CYLINDER BREAKAWAY - CORROSION OF SUPPORT 
O CYLINDER BREAKAWAY - ROAD HAZARD 
O MULTI-CYLINDER BREAKAWAY - ROAD HAZARD 
O CYLINDER PUNCTURE - ROAD HAZARD 
O CYLINDER PUNCTURE - MISSILE 


COLLISION EVENTS 

✓ LOW P FUEL LINE SEVERED 

✓ HIGH P FUEL LINE SEVERED 

*x RELIEF VALVE ACTUATION - 1 CYLINDER 
O TWO RELIEF VALVE ACTUATION - 1 CYLINDER 
O RELIEF VALVE ACTUATION - MULTI -CYLINDER 

✓ RELIEF VALVE ACTUATION - 1 CYLINDER. FIRE 

X RELIEF VALVE ACTUATION - MULTI-CYLINDER. FIRE 

✓ RELIEF VALVE ACTUATION - ALL CASES. VENT LINE SEVERED 
X REFILL VALVE RELIEF ACTUATION 

✓ VALVE HEAD SEVERED - ONE OR MORE CYLINDERS 

O CYLINDER BREAKAWAY - ONE OR MORE, SUPPORT FAILURE 
O MISSILE PENETRATION - ONE OR MORE CYLINDERS 
O CYLINDER RUPTURE - W/WO FIRE 
O MULTI-CYLINDER RUPTURE - WAVO FIRE 

✓ Evenls have occurred 
O Evenls have not occurred 

X Events have occurred In a different application or system 
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a case of a solenoid valve failure is judged to be of less conseauence 
*han the fuel line break and thus the former is bounded by the latter 
Thfs is an e»ample of the bounding process. 

The study of the vehicle's fueling system re eals that a fuel line break 
at the fuel manifold or at the refueling shut-off valve will result in 
similar gas flow rates and thus the two causes lead to similar 
scenarios This Is-an example of the grouping process. 

By elimination, grouping and bounding of the possible scenarios a number 
of credible a'nd unique events are selected for the typical vehicles. 

These scenarios are listed in Table 7-2. 

Notice that two cases of unoer-fire (hot) actuation of the safety relief 
devices (SRD) are considered (SCI & SC4). For SCI. only one val'e is 
actuated; for SC4, two valves are actuated which is a highly Improbable 
event since calculations prove that the cylinder's pressure goes down 
rapidly upon SRD release such that a subsequent (second) actuation is 
highly unlikely. Add to that the fact that nonreproducibility of 
actuation time of the SRD has been proved by severe abuse testing (1), 
and therefore simultaneous actuation is nearly Impossible. 

The flow rate calculations are undertaken for all the events listed in 
Table 7-2. and are carried out up to a point in time when the release 
rate Is lower than 180 SCFM which is well past the time of peak amount In 
tunnel Calculations indicate, that at this cut-off release rate, gas 
concentration in the tunnel is below the lower flammability limits. 

The Location Se'ectlQn 

a tvpical Holland Tunnel subaqueous cross-section Is selected as the 
scenario location for all cases considered The Holland Tunnel section 
is the smallest (20‘ roadway x 13.5' headroom) as described in Section 4. 
Table 4-1. 

















The cross-section at the underground portion is similar in area to the 
subaqueous cross-section, however, the vent locations are different The 
underground section is considered to be Of less Importance due to its 
dose pro*' mi tv to the portals such that the accident scene is easily 
approachable by tunnels crew and therefore a smaller potential hazard is 
posed at the underground locations relative to the subaqueous location 

Conside-ation of the Bri dges in the Lo cation Selection 

The selection of a tunnel as the scenario location undoubtedly bounds the 
bridges 'and the George Washington tunnel-like approach). This is 
justified upon e*amining the following facts: 

1 The tunnels' cross-sections are much smaller in dimension than 
the bridges In fact, the roadways of the bridges are at least * 
three times as large as the roadways of the tunnels and t-he 
headroom is almost 1.5 times as large as the headroom of the 
tunnels. 

: The bridges lack the forced ventilation of he tunnels. 

However, this Is compensated for by the bridges being only 
partially enclosed, whereas the tunnels are fully enclosed. In 
other words, the openings to the sides of the bridges and the 
ceiMng of the George Washington approach are judged to provide 
ample free-ventllation that can be as effective as the forced 
ventilation of the tunnels in dispersing and removing the 
released gas and/^r the combustion products If any. 

3. In addition, in one of the gas dispersion models, the 

ventilation of the tunnels Is suppressed to a minimal value for 
the sake of conservatism, which leaves no doubt as to the 
validity of considering such tunnel's model as an upper bound to 
the bridges. 
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Ventilation Conditions 


The wiHe variation of ventilation rates coupied with *-he range of longi¬ 
tudinal air velocities In the tunnel poses a challenge In attempting to 
select i typical ventilation scenario Moreover, matters can pe further 
compilrated by realizing that the assumptions that are considered 
conservative from the standpoint of the tunnels' safety assessment, are 
not necessarily conservative from the standpoint of the ducts assessment 
(Further discussions will follow on the duct considerations.) 

Therefore, a number of ventilation scenarios was selected In order to 
parametrically study the effect of ventilation In the tunnel, and In 
order to demonstrate the significance of efficient ventilation In 
controlling the consequences of the NG release. 

In addition, the results of this analysis as used In Section 8 for the 
purpose of deterministic comparison of the consequences of releases are 
based on models that employ the most conservative set of ventilation 
conditions. See discussions and results of Bus SC3<3). 


For all cases (other than the BUS SC3) the ventilation Is modeled* as 
follows: 


Fresh air Is emanating uniformly from the ground surface area 
moving upward 


This model of ventilation air Is conservative since slower diffusion is 
simulated. In addition It Is justified Ip view of a number of facts: 

1) the vehicles' boundaries are not represented In the model, nor are 
the adjacent vehicles If any. 2) Also, the location of the vehicle 
relative to the fresh air Inlets and exhaust outlets can take an 
Infinite number of variations. 3) the locations of t e Inlets and 
outlets relative to one another are not unique due tc spacing variation 
(10-15 ft). 
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E»hauSt a’? - e*1ting the tunnel uni'ormly at the celling surface 
a' ea 

The velocity of a'r corresponds to the time required for an air 
change, e g a change of air every 90 seconds is associated with 

a uniform vertical ventilation velocity - ^ 90sec**^ 

- lU - 0.15 fps 
90 

For the case BUS SC3. due to the presence of the bus boundary In the 
mod?’, the fresh air Is modeled to emanate from the side of the curb and 
Is directed vertically upward. 

A number of cases are run for vertical air velocities of 0.15 fps. 0.05 
fps and 0.015 fps as explained in the pertinent sections. 

Longitudinal Air Vel ocities 

The significance of the longitudinal (axial along tunnel) air velocities 
on the gas dispersion In the tunnel Is studied parametrically by 
conducting a number of analyses for air velocities of 15 fps, 5 fps and 0 
fps 

In reality, the longitudinal air movement exists In the tunnei due to the 
following effects 

Piston effect of the moving vehicles in the tunnel. This effect 
is the most significant and is judged to persist in the tunnel 
for at least 20 minutes after stoppage of traffic. 

For two-way traffic the piston effect Is diminished, yet is 
rpplaced by air vortlcles. that may be as effective in diluting 
and mixing the released gas with air (2>- 
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Variation of the metrological conditions at the end Dortais :a" 
send a natura' draft along the tunne' 

The concentration of carbon monoxide within each ventiiatio' 
section automatically or semi-automat'cal1y 'see Section 3 > 
adjusts the speeds of the fans servicing the distinct sections. 
Therefore, somewhat different ventilation rates between adjacent 
ventilation sections can drive the a'r along the tunnel 

Other variations of the transverse ventilations caused by the 
difference between blower and exhaust fans speeds, or partialiy 
blocked, clogged or out-of-adjustment exhaust dampers, can cause 
a longi tudlna’l flow of air in the tunnel 

Cons 1 Ste.nt Sets o f Transverse Ventilation and L onqltudlnal Velocities 

The tunnel's ventilation rates are adjusted to control the CO levels 
generated by the vehicles transiting In the tunnel. On the other hand, 
the speed and volume of vehicles in the tunnel primarily determine the 
longitudinal velocities of the air induced by the piston effect. As 
such, both forms of ventilation (forced transverse and free longitudinal) 
are interrelated Consistent sets are qualitatively contemplated as 
foilows 


for a moving normal volume traffic, normal ventilation rates and 
Mgh longitudinal air velocities are anticipated (l.e . a change 
of air every few minutes and a 15 fps longitudinal air velocity). 

For a stopped heavy volume traffic, maximum ventilation rates 
and low longitudinal air velocities are likely to be the case. 

For a moving light volume traffic, moderate ventilation rates 
and moderate longitudinal velocities are anticipated 
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Tn» n r _ r :owC' r '3t’C n ; C aSSOC’ated w'th the highly un ;, *e". 

C'tuition Of a Stopped O'’ S’Ow-mov’ng light t'df*’C _Ow 
ventilation rate' ana low ’ong’tudina' a*' velocities a r e t-e 
result j o«*e«er, due to the slow movement o f the '*ght t-a Ci; :. 
acc’dents are highly unlikely. Moreover, t^e conseauences o c 
gas releases and/or ’gnition a r e sharply 'educeo due to the 
reduction of the number of vehicles and passengers in the tu-nel 

In other words, the worst combination of ventilation Is hlgh'y 
unlikely and also a low level of severity of conseauences wou'd 
— be expected 

The risk is then doub'y reduced for th's condition due to the 
reduced likelihood, as well as reduced severity. 

Risk - frequency * Magnitude of Severity 

Resolution of the Ventilation Conditions Selection 

T he above discussions serve to point out the following: 

An infinite variations of conditions of ventilations are 
identifiable. Therefore, parametric studies are warranted for 
the sare of completeness. 

Each set of conditions can be assigned a rank of likelihood and 
a level of severity. However. In this section, a deterministic 
approach is undertaken, that stands independent of the hazard 
matri* analyses. 
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worst ventilation condition is cna-acterized by a -educe: 
- : s* 'Stopped on >lo» light traffic which 'eadS to 1O" 
ventilation and longitudinal .'velocities>. and using it 's ve-. 
cor.sen.ati ve 

Selecting the worst -most conservative; ventilation conditi:-- 
*'li serve to remove any doubt as to the validity of the 
analysis being representative of the bridges as *ell as the 
tunnels. 


GAS DIFFUSION anal<SES 


Approach 


The*diffusion analysis is divided into two parts; the gas release rate 
transient analysis and the analysis of gas diffusion In confined spaces. 

The gas release rate calculation Is based on a compressible, frictional, 
orifice flow model of an Ideal gas. The computer code COMPARE (3) is 
utilized in the calculation. The effect of heat transfer is taken into 
account on the volume boundaries. The results of the gas release rate 
transient analysis are input to the gas diffusion model. 

In order to analyze the diffusion of natural gas in air, coupled fluid 
dynamics and mass transfer are to be solved. The use of 
finite-difference approach is a technical standard in the field of 
computational fluid dynamics to solve the three-dimensional, transient 
equation of continuity, momentum, and mass transport (or the analogous 
heat transfer) for both laminar or turbulent flow (4). The computer code 
TEMPEST Is one of such codes and is used in the diffusion analysis ($). 
The gas dispersion model Includes the buoyant effect of air on the 
natural gas. the vent’lation air flow, and the ♦geometry of the tunne 1 . 
When necessary, the vehicle boundaries are modeled as well. 
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he w= ' 3e f - r 9*5 O' spersion ? s divided into twc sets of analyses. The 
nea-- fie ; d analyses sets the appropr’ate input to tempest vhile the 
^»r’te diffe-ence ^Evpest solution represents the *ar field analysis 

’^p near field is the •'egion very close to the location in which natural 
gas is r e eased High flow velocity, pressure, density, or volumetric 
concentration of natural gas are general character 1stlcs of near field. 


GAS RELEASE 


1 e3c r 1 Dtl pn of Anal ,-tical Method 

Natural gas release rate as a function of time Is calculated using the 
computer code C0MPAR£. Exit conditions, such as velocity, density, and 
pressure, are determined from the output of COMPARE 

Gas compressibility Is taken Into account In the Initial conditions; 
however, idea’ gas laws are utilized by COMPARE throughout the 
transient This approximation will lead to more conservative results 
5 e . higher release rate; In comparison with the realistic case. 

COMPARE Code 

The code has the capability of determining the transient conditions In a 
system of volumes connected by Junctions. Each volume Is assumed to be a 
stagnant homogeneous mixture of perfect gases and are chosen by the 
analyst so as to ensure the validity of the assumption. Heat transfer 
effects may exist among volumes through heat conduction structure. A 
ciuasisteady-state approximation with a correction for fluid Inertia 
effects is used to represent the transient processes 
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H * ' * nd enp, 9- v or outflow, for each volume. Is first calculated 

* -.in. < ess ne time increments small enough to assume constant flow 

•^te The resulting volume thermodynamic properties in equilibrium are 
then determined and used as an upstream Stagnation condition to calculate 
the no, flow -ate for the ne»t time interval. 

The gas -eiease rate is calculated by a homogeneous equilibrium model^i 
wh-'h i-, based on a compressible orifice flow of ideal-like gas with 
met and e.tt losses resulting in a polytropic <non-1sentropic> flow 

prorps-, 


^ umption s 


assumptions are employed in the COMPARE model: 

1 Heat Transfer is significant between the ambient surrounding and the 
gas tants. but is not significant in the chocking or expansion 

P i oc e s s 

A typical Sherwood SRD <DF-11555) Is used for all vehicles 
considei ed 

3 The homogeneous compressible flow model Is used to establish 
c'itical flow, i.e . the flow rate is dependent on the tank 
thermodynamic conditions at each Instant. 

COMPARE Models 

'•nginally. a detailed model was developed for this study considering all 
the cylinders and connecting pipes and including all elbows, valves, 
contractions and expansions Subsequently, a simplified model was 
de.“loped and Justified by comparing the results to the detailed model. 
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thp 'imp! i f i ed model, the connecting pipe and the cylinders upstream 
°f thp cylinder with the open SRD are lumped into one volume, since the 
pressure difference between them Is insignificant. The results of the 
simplified model showed good agreement with the results of the detailed 
model, and prove to be somewhat conservative. 


For the cases of under-fire releases, the compressibility factor plays an 
important role In determining the actual pressure and temperature, and 
hence the compressibility consideration is initially included F 0 r 
under-fii 1 ^ SRD actuation, a cylinder, originally at a temper ature^of 7C*F 
and a pressure of 3000 psig. will be heated to 217 'F with corresponding 
pressure of 47io psig However. COMPARE code can only solve for'idea' 
gases during the expansion process and the incompressible gas condition 
is assumed throughout the transient. For all practical purposes, the 

latte- is conservative. 


Results 


a summary of the results for gas release rate, is presented in Table 7-2. 
and such values constitute data input to the diffusion analysis models. 

NUMERICAL ANAlfSIS OF GAS DIFFUSION IN TUNNELS 

De s c r i p t Aen _£>f _A_n alvtical Method 

The gas dispersion analysis is based on the coupled solution of fluid 
dvnamir and mass transfer equations The analogy between heat transfer 
in a single component flu'd and Isothermal mass transfer in a two 
'omponent fluid is well established It Is Known that the density 
variation has the strongest effect on the analogy In turbulent flow and 
the variation of density of an ideal gas with temperature Is similar to 
the variation of density with mass fraction for a two component ideal gas 
mixture (7) and <8> The Fourier's law of heat conduction as well as 
Tick's law of diffusion are assumed to hold true in the analogy. The 
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mass transfer process of natural gas Is conservatively assumed to be 
isothermal and the effects of forced diffusion are assumed to be 
negligible Also. Boussinesq approximation holds, which is commonly used 
in the simulation of mass or heat transfer by natural convection. 

The computer code "TEMPEST" is used in the simulation. Detailed 
discussion of the code and simulation technique can be found in the 
following sections. 

TEMPEST Code 


The TEMPEST computer code is designed to analyze a broad range of coupled 
fluid dynamic and heat or mass transfer system. The full 
three-dimensional, time-dependent equations of motion, continuity, and 
heat or mass transport are solved for either laminar or turbulent flow. 

It provides finite-difference solutions to the governing equations for 
incompressible flows with capability in simulating buoyancy-driven flows 
(natural convection flows with Boussinesq approximation). The code using 
above techniques has passed a large amount of testing, assessment and 
validation to assure that solution procedures are working correctly and 
that the problem physics are modeled properly. 

TEMPEST solves equations of mass, momentum, and energy based on the 
following conservation laws: 

1 Conservation of mass (continuity) 

2 Conservation of momentum (Newton's Secohd Law). 

3. Conservation of energy (First Law of Thermodynamics) 

The equations of state from thermodynamics are required In order to set 
up complete governing equations. It Is also equipped with the capability 
of allowing temperature-dependent materials properties. 
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The State-of-the-art turbulent model Is one of the most distinguished 
features that TEMPEST has. The transport equations for the turbulent 
tinetu energy, and dissipation of the turbulent kinetic energy, are 
s Oved to obtain the effective turbulent viscosity. 

Assumptions 

Assumptions and restrictions used in TEMPEST cede are: 

■he fluid is single phase and incompressible 
, ' 1 The fluid is Newtonian 

The body forces other than gravity are not considered 
Time-averaged turbulent flow conservation equations are applied 
The viscous dissipation is eliminated. 

Additional assumptions employed in modeling the gas dispersion models are 

N ° temperature gradient (Isothermal) throughout the whole tunnel 
Ideal qas law applies both to air and natural gas 
Mixtures of air and natural gas are homogeneous and can be 
'“presented by single mixture properties. 

These additional assumptions have minor effects on the diffusion solution 
and will result in a more conservative natural gas concentration. 

Simulation Technique 

The simulation of gas dispersion (mass transport) in a confined space by 
a thermal-fluid code like TEMPEST has been conducted in Ebasco for 
hvdropen- concentration analysis in battery rooms. The mass transport 
equation in terms of molar concentration assuming constant density has 
the same form as the energy equation used in TEMPEST code. This analogy 
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extends TEMPEST'S capability to solve for Isothermal mass transport 
problems 


The molar concentration equation with constant density and mass 
diffusivity is provided by (8) : 

dC ♦ V. VC - D V2 C 4 R 
dt 

where C is the concentration, V is the velocity, 7 is the gradient 
operator. D is the mass diffusivity and R is the molar source late per 
unit volume. 

The energy equation used in TEMPEST with constant properties Is 
dr ♦ V. 7T - a v2j + 0 

dt 

where T is the temperature, a is the thermal diffusivity and Q is the 
appropriate heat generation- per unit volume. 

Comparing the above two equations, they are Identical If we set T-C, a-D, 
and Q«R Hence, a complete simulation of mass transport equation can be 
solved for using the energy equation. The mass eddy diffusivity ’.s 
assumed to be equal to eddy thermal diffusivity (IQ). 

Mode 1s 

Three-dimensional, time-dependent TEMPEST models are set up for different 
cases and boundary conditions. The worst case (fuel line double-ended 
rupture of bus) was run for three different ventilation velocities. All 
models are created for the idealized Holland Tunnel data with a 
cross-section area of 20 ft roadway and 13.5 feet headroom. In one case 
the height was approximated at 14 feet to bring the cross-section area in 
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' ’ nP witl1 H>e actual free volume. This increases the volume by 3.7%, but 
still below ac»ua’ tunnel free volume The free volume of the tunnel is 
larger than the modeled volume, but {his is compensated by dead volume 
caused by vehicles. Gas release rates as a function of time as output by 
the COMPARE code are tabulary input to TEMPEST. The mixture density as a 
function of molar concentration is also input to replace the built-in air 
density as a function of temperature. 

Detailed modeling technique and description of the model for each case 
can be found in the calculation. 

Bus_SCl Natuial gas is postulated to be released through the venting 
line due to SRD actuation and the jet is diverted downward by the nozzle 
cap of venting line. The high speed and high concentration of the jet in 
the neighborhood of the nozzle cap (near field) cannot be modeled «• 

accurately in TEMPEST due to the limitation of the code. A hand 
calculation of an Incompressible jet Is performed in the near field 
'about 3 * 3' x 1') to calculate the mixture velocity and concentration, 

which is used as input in TEMPEST model that solves for the far field 
effects 

Two distinct sets of transverse and longitudinal ventilation conditions 
(boundary conditions) are studied for-this case, and therefore two 
scenarios are defined below. The numbers in parentheses indicate the 
distinct boundary condition. 

o SCKU: This condition represents a case of normal moving traffic 
in the tunnel. The longitudinal air velocity in the tunnel equals 5 
fps and the transverse ventilation is Idealized by an 0.15 fps 
ventilation velocity from the floor to the celling, which 
corresponds to a change of air every 90 seconds. The release is 
located 200 ft away from the model's upstream cut-off boundary and 
700 ft from the downstream cut-off boundary, which allows for 
detailed description of the gas cloud as it forms and transports. 
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o 5CH_2>: This condition represents a hypothetical case of a stagnant 
light traffic in the tunnel No longitudinal velocity and 0.05 fps 
ventilation transverse velocity are assumed. As previously 
discussed, such conditions are highly unlikely and are very 
conservative A total length of 1000 ft of tunnel is modeled, and 
the release is located at mid-span. 

Bus SC3 This case represents the most severe case because a double-ended 
fuel line break is assumed. This results In a maximum release rate 
accompanied by a slow diffusion process since the natural gas being 
lighter than air becomes trapped underneath the bus. The gas accumulates 
under the bus up to a time when the entire space underneath the bus is 
filled up. then the excess gas flows and disperses outward and upward 
into the tunnel 

The bus boundary is modeled as well, in order to represent the blockage 
of the natural gas and realistically assess the gas dispersion and mixing 
with air. The buoyancy of the natural gas along with the presence of the 
bus undercarriage boundary above the release, had the effect of 
tremendously slowinq down the escape of the natural gas from under the 
bus. Such effect was somewhat reduced by the modeling of a venting hole 

of the air-conditioning system located on the side of the bus that 

connects the air compartment under the bus to the outside air. In order 

to parametrically ascertain the hazard consequence, three different 

transverse ventilation velocities 0.05, .15 and .015 fps are considered 
for scenarios SC3<1), SC3(2) and SC3(3) respectively. Zero longitudinal 
velocity is considered for all. A tunnel section that is 600 ft long is 
modeled. 

Fogr. CNG_C. yC-l-1nder Fick-Up SCI - Natural gas cylinders are located 
outside and in betvep.i the pick-up driver cabinet, and tie cargo 
cabinet The gas is released through SRD actuation without a venting 
line. It Is assumed that the entire expansion process of the 
high-pressure and high-velocity jet is confined in the gas cylinder space 
between the driver's and cargo cabinets. 
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The vertical ventilation velocity is set-to be .05 fps which corresponds 
to a Change of air every 4.5 minutes. No longitudinal velocity is 
considered and the modelled tunnel section Is 600 ft long. 

Results 

Typical output from TEMPEST is plotted as two-dimensional (planar) 
concentration contours and velocity vectors at different cross-sections 
of the tunnel in Figures 7-1 through 7-8. A post-processor program is 
developed to calculate the amount of methane released and the amount 
accumulated in some specific range of volumetric concentration. Figures 
7-9 through 7-15 are created from the post-processor computer output for 
the piementioned scenarios. 

Concen tration Contours A complete set of concentration contours for all 
cases analyzed by TEMPEST, can be found In the calculation. Only typical 
results are presented In the report. The natural gas concentration 
contour for the bus SC3 after 150 seconds* of jas releasing are shown in 
Figures 7-1 through 7-6. Figures 7-1, 7-2, and 7-3 show SC3<3>. with 
'->15 fps ventilation velocity. Figures 7-4, 7-5, and 7-6 show SC3<2>. 
with .15 fps ventilation velocity. The block inside the figures 
represents the boundaries of the bus. The dashed lines represent the bus 
.undercarriage boundary. • 

Figures 7-1, 7-4, and 7-7 are plotted at a transverse vertical 
cross-section at mid-length of the bus (cross-section 1). 

Figures 7-2. 7-5. and 7-8 are plotted at a transverse vertica4 
cross-section at the front of the bus (cross-section 2). 

Figures 7-3 and 7-6 are plotted for a longitudinal vertical cross-section 
of the tunnel. 100 ft from the center of the bus (cross-section 3). 


As oepicted from figures 7-12, 7-13 and 7-14, the ma<1mum amount of 
flammable natural gas exists in the tunnel approximately after 150 
seconds of the initiation of the release. 
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Velocity_V«ior Figures 7-7 and 7-8 show the velocity field .for nine 
Cylinders bus SC3 with, a ventilation velocity of ,.015 fps. Figure -7-7 
indicates a higher upward velocity in the middle of that cross-section 
which »s due to the existence of the previously mentioned side venting 
hole, that allows an outflow of light natural gas. 

ReSi|llS_ Presen ta t lpn : For the purpose of ascertaining the hazard of the 
gas dispersion, the time histories of the total mass of released gas, the 
total mass of gas in the tunnel, along with other representative values 
are presented In Figures 7-9 through 7-15. The legend used for these 
figures is described herein: 

o Gas R elease stands for the total amount of natural gas In pounds 
released from the fuel-line break (results of the COMPARE code gas 
release computation). 

o In Tunnel represents the amount of natural gas left In the tunnel 
(excluding gas in the ducts). 

o Flamm able stands for total gas mass that exist In volumetric 
concentration between 5.3X and 151. 

o Explosive Is the gas mass in between 6X and 13.51. 

o > 5.31 stands for the total amount of methane In mixtures of 

concentrations higher than 5.3%.1.e., the upper-bound mass to be 

consumed by fire. This Is defined as the effective mass M In 

e 

section 8. 

In Figures 7-12 through 7-14 two sets of > 5.31 are presented. The first 
set represents the total amount and the second represents the total 
amount released to the tunnel environment, l.e.. It excludes the natural 
gas confined underneath the bus. Figure 7-11 Is a subset of Figure 7-10 
which focuses on the last three curves of Figure 7-10. 
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No Longitudinal Velocity 
With Ventilation (,05fps) 



TIME (sec) 

Figure 7-9. Natural Gas Mass for Bus SC1(2) 
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GAS MASS (Ibm) 


50 


With Longitudinal Velocity (5fps) 
With Ventilation (.15fps) 



Figure 7-10. Natural Gas Mass for Bus SC1(1) 
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Figure 7-11. Natural Gas Mass for Bus SC1(1) 
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Figure 7-12. Natural Gas Mass for Bus SC3(1) 






GAS MASS (Ibm) 


No Longitudinal Velocity 
With Ventilation (.15fps) 



Figure 7-13. Natural Gas Mass for Bus SC3(2) 
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GAS MASS (Ibm) 






No Longitudinal Velocity 
With Ventilation (.05fps) 



Figure 7-15. Natural Gas Mass for 4-Cylinder Pick-Up SCI 
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The results of the maximum amount of NG > 5.3X shall be conservatively 
used In Section 8 as an estimate of the total gas consumed by the fire 
upon delayed Ignition. This value Is defined here and In Section 8 as 
the effective mass (M g ). Moreover, the results of the rate of gas 
release (M) shall be used for the calculation of the power of energy 
lelease associated with the immediate Ignition. 

For the vehicle scenarios of Table 7-2, that were not analyzed by 

TEMPEST, an extrapolation of the results of the analyzed scenarios is 

undertaken, which estimates an upper-bound value of 7X for the ratio of 

the effective mass M to the released mass, 
e 

Discussion 

The results of the diffusion analyses predict the mass and geometry of 
the vapor cloud for the various scenarios. Although all the scenarios 
analyzed resulted in the ultimate release of all the natural gas in the 
cylinders, only a small fraction of the gas represents a flammable hazard 
at any one time. In the worst case, the amount of flammable gas in the 
tunnel is 63.2 pounds. 

The vapor cloud rises to the ceiling and diffuses along" the length of the 

O 

tunnel forming a mushroom shape. The vapor cloud is removed by the 
forced ventilation, and Is diluted In the ducts. It is also diluted as 
it travels down the tunnel. The flammable portion of the cloud extends 
from a few feet to 135 feet along the tunnel, depending on the scenario, 
but except for near the release point, it exists only within two feet of 
the celling. The cloud is essentially unconfined, and this is 
significant because unconfined clouds cannot detonate by ordinary means. 

The vapor cloud grows to a maximum size for the scenarios analyzed in one 
to three minutes, and then slowly decreases in size as the gas release 
rate decreases* 
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Longitudinal air movement has a great effect on the vapor cloud. For a 
longitudinal velocity of 5 fps (3.4 mph), the flammable region of the cloud Is 
decreased by more than an order of magnitude over the case with no 
longitudinal air movement. For example, for the bus scenario with the release 
of gas through the vent line combined with a 5 fps longitudinal velocity, less 
( than one half a pound of gas Is In the flammable range. 

ihe worst case considered was a fuel line rupture under the bus. This case 
has the largest release rate because fuel Is escaping from both sides of the 
break The gas Is being released under the bus and the un carriage prevents 
upward diffusion. This results In a 40-foot section of trapped high 
concentration gas. 

Fire Pote ntial I n the Ducts 

The diffusion analyses show that gas In the flammable range is entering the 
exhaust ducts. The effect of this gas will depend on the accident location In 
relation to the ventilation zones. In almost all cases this gas will be 
immediately diluted to below the flammable limit, by the air In the duct. An 
accident happening in the middle of a ventilation zone will result In only a 
few pounds of flammable gas In the exhaust duct which will be diluted in a few 
feet. An accident happening at the beginning of a exhaust duct run, however, 
will result In a section of duct containing flammable gas for a length 
approaching that of the gas cloud In the tunnel. Even this gas concentration, 
however, will be quickly diluted as It Is swept In the duct away from the 
accident scene. Flammable concentrations will not exist In the duct any 
distance from the accident scene and will not reach the fans. 
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Section 8 


COMPARATIVE HAZARD ASSESSMENT/ 
DETERMINISTIC APPROACH 


APPROACH 


The hazard comparison of NGV and CFV Is presented In this section solely 
on the basis of the hazard consequences, with no probabilistic 
consideration. In other words, a deterministic approach Is used to 
evaluate the accidents consequences of NGV and CFV (gasoline In 
particular) for the fuel releases In tunnels of counterpart scenarios. 

The deterministic comparative hazard assessment shall be presented In the 
followlng steps: 


o Discussions of sources of Ignition In highway tunnels are 
provided for the purpose of better understanding and 
development of the accidents scenarios. 

o Gasoline-powered vehicles accident scenarios are developed by 
means of literature search and analysis of available data In 
view of tunnels characteristics, and with regard to current 
regulations and experiences. 

o "'Comparison grounds are selected on basis of thermal radiation 
hazard, fire spread and explosion potential. 

o Accident consequences are evaluated for counterparts scenarios 
and counterpart fuel tank sizes of NGV and gasoline-powered 
vehicles. 

o Comparison of consequences are qualitatively and quantitatively 
discussed and presented In tabular form. 


SOURCES OF IGNITION OF MOTOR VEHICLES FIRES 

The nature of motor vehicles fires, safety factors, and hazards 
consideration are discussed in NFPA Fire Protection Handbook (1) 
Sources of ignition include: 


1) 

Electrical short circuits or other electrical malfunctions that 
cause excessive heating of conductors or components 

2) 

Sparks from an engine ignition system 


3) 

Hot exhaust system components 


4) 

Engine backfire 


5) 

Overheating of tires, brakes and bearings 


6) 

Friction-generated sparks from a collision or 
components scraping against the pavement 

from metal 

7) 

Careless use of cigarettes and other smoking 

materials. 


ACCIDENTS SCENARIOS OF CONVENTIONAL FUEL VEHICLES 

An excellent report <2> by the Center for Auto Safety (CAS) provides 
valuable data on safety problems and hazards of gasoline-powered 
vehicles. The report is entitled "Stopping Vehicle Fires & Reducing 
Evaporative Emissions" and was Issued In March 1988. This report was 
aimed at resolving an issue related to EPA proposed gasoline volatility 
standards and vehicle on-board control systems to reduce evaporative 
hydrocarbon emissions during refueling, in regard to whether the proposed 
evaporative -G<fntrol system would cause more vehicle fires and 
explosions. The report Is based on a 6-month study of all 4,276 safety 
r*£A]li of 130.8 million vehicles since 1966 and all 146.000 vehicle 
safety report s since 1977 In the National Highway Traffic Safety 
Administration's computer data base. The report factual data related to 
gasoline tank ^safety are extracted and are listed hereafter: 



o High gasoline volatility and excess fuel system pressure caused 
12 safety recalls of 654,071 vehicles since 1966, that were 
linked to 71 fires. 25 Injuries and two deaths. These recalls 
occurred since 1979 as gasoline volatility levels Increased. 

o 0^ the 146,000 complaints since 1977, 20,000 are on fuel 
systems, there were 1501 fires associated with the latter. 

There were 1551 reports of fuel spurting, fuel pressurization, 
vapor lock and fuel foaming with 68 directly related fires 
associated with higher gasoline volatility. The vast majority 
occurred during the summer. 

o As fuel volatility and ethanol blend use have Increased In 
recent years, the reported Incidence of fuel spurting from 
over-pressurized gas tanks, and stalling duetto vapor lock have 
Increased significantly. 

o Examples of safety recalls of vehicles with defects which cause 
fires are: the 1971-76 Ford Pinto with exploding gas tanks , 
the 1984 Pontiac Flero with engine compartment fires - and the 
1983-86 Ford ambulances and vans that spurt fuel. 

o FMVSS 301 Standard <2> and (4> as described In Section 5 has 
Indeed reduced the risk of post-crash fires In vehicles made 
since Sept, 1, 1976. However, there have been 44 NHSTA fuel 
system recalls (2> due to failures to comply with FMVSS 301. 
Post-crash fires and FMVSS 301 failures are more likely to 
Involve fuel tank rupture causing explosions and rapidly 
spreading fires. 
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Analysis of NHSTA recalls shows that many different fuel system 
conditions can cause fires and prompt safety recalls. These 
conditions range from gasoline leaks caused by carpet fasteners 
penetrating the fuel tank during manufacture, to mlsrouted fuel 
lines, to defective fuel filler caps and tanks that rupture In 
crashes. 

Conditions Involving crash -related fuel tank ruptures, filler 
neck breaks and primary fuel line failures account for 15.IX of 
all system recalls. These crash-related failures are caused by 
factors Including pinched fuel lines, missing fuel tank 
shields, faulty gas caps and mlspositloned fuel hoses. All of 
which are conditions likely to produce fires Immediately fed by 
a large quantity of fuel. 

Excess fu? 1 —p ressure causes large amounts of gasoline spurting 
out of the filler neck after the gas cap Is removed as well as 
large fuel leaks from the fuel system even with the filler cap 
In place. Automakers have conducted 12 recalls of 654.071 
vehicles to alleviate fuel pressure and spurting problems. 

These recalls have been associated with at least 71 fires. 25 
Injuries and two deaths. 

Too much excess pressure_can also cause vehicle stalling which 
the driver often and dangerously, alleviates by removing or 
loosening the gas cap. Excess fuel pressure occurred In 58X of 
the vehicle fuel safety complaints. 

The amount of gasoline that can be lost to a leak from excess ' 
pressure can be up to 20 gallons In motor homes and several 
gallons In a car. Although fires do not occur as frequently as 
In the case of fuel spurting, pressure leaks often result In 
fires. 



o In some cases the excess pressure can blow vent lines and-g?rs 
tank seams. 

O Fufi_5Bulling Is the most serious safety hazard Identified in 
the NHTSA safety complaints database. The gasoline spurts or 
sprays from the fuel tank upon removal of the filler cap. In 
most cases, the fuel release Is due to excess pressure In the 
fuel tank. In some cases, the fuel bolls and pours out of the 
tank. Fuel spurting occurred In 17% of the vehicle fuel safety 
complaints with the amounts of fuel ranging from a pint to 
several gallons. 

o The average release of gasoline In a fuel spurting Incident or 
leak from an overpressurized fuel tank In a safety complaint 
database Is over two gallons. Up to 20 gallons of gasoline may 
spurt out of a motor home gasoline tank. 

o In an effort to Improve performance of vehicles with excessive 
fuel pressure, many consumers are drilling out, removing or 
loosening the gas cap and disabling vent lines to the charcoal 
canister. 

o Another common safety hazard associated with high fuel 

volatility Is vacor lock and fuel foaming which cause stalling 
and other performance problems In motor vehicles. Vapor lock 
and fuel foaming occurred In 39% of the fuel safety complaints. 

o Vapor lock and fuel foaming have become such common problems, 
as fuel volatility has Increased since 1980. 
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CFV Accljtent_L Scenarios 


Based on the review of quoted cases of cSJumer complaints and the study 
of the above-listed facts as extracted frSh the previously mentioned CAS 
>epoit and Fire Command article (5) as well as case histories of tunnel 
fires (6>. detailed description of the Holland Tunnel fire <2>. (Q) and 
the Caldecott Tunnel fire (9> and (]£), numerous gasoline fire hazard 
scenarios are judged to be valid for tunnel environment such as: 

1 - A vehicle with gasoline overpressurization problems enters the 

tunnel, gasoline leaks out of the filler cap due to 
cwerpressurlzatlon, the vehicle experiences minor backfire, the 
leaking gasoline Ignites and the vehicle loses power. X The 
overheating of gasoline leads to a subsequent explosion (BLEVE). 

2 - The owner of a vehicle with gasoline overpressurization 

problems is In the habit of loosening the gas cap to alleviate 
the problem. He enters the tunnel, the car experiences a vapor 
lock stalling, an oncoming vehicle rear-impacts the stalled 
vehicle. The loosened cap Is ejected and the gasoline spurts 
out of the filler neck. Readily existing source of Ignition is 
the spark generated by high friction Impact. Gasoline Ignites 
Immediately. 

3 - A vehicle with FMVSS 301 failure Is Involved In a crash In the 

tunnel, fuel Is released In large amounts and Ignites, and pool 
burning takes place. 

4 - A vehicle with gasoline overpressurization problems enters the 

tunnel, a pre-existing fire In tunnel overheats the gasoline. 
Further overpressurization causes the tank seams to break. The 
fuel tank rupture and its entire contents of gasoline Is 
released immediately and ignites. 
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5 - Same vehicle as in 4 stuck in a tunnel due to equipment fire or 

another vehicle fire. Driver hears boiling noises (wooshing) 
from the gasoline tank, he dangerously removes- the filler cap 
to alleviate the pressure, the fuel spurts out on him and other 
cars, and Ignites. 

6 - A vehicle with a faulty venting system is stuck in tunnel due 

to another vehicle fire. The gasoline boils In tank due to 
fire radiant heat, venting system does not work. The tank 
explodes due to BLEVE. 

In Conclusion 

A BLEVE is a credible event for a gasoline-powered vehicle in 
spite of venting regulation. 

A post-crash gasoline tank rupture and release of total 
contents Is also a credible event in spite of the FMVSS301 
regulation. 

A gasoline tank rupture due to fire-induced overpressurization 
is also a credible event. 



The case of BLEVE is addressed by calculating the fire ball 
size, duration, power of energy release as well as the energy 
content of the release. 

The cases of post-crash or fire-induced gasoline tank ruptures 
are addressed by calculating the pool diameter, mass burning 
rate, duration^ radiated thermal energy, and the total 
released energy. 
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COMPARISON GROUNDS 


The comparison of the consequences of ignition in this study is based on 
comparison of the heat release rate* (W) or the heat intensity 
as well as the total released energy (J). 

The selection of the above as comparison ground Is based on the following 
facts: 


Most forms of potential hazard depend on both the heat flux and 
the exposure time. However, at the threshold of burns or 
lethal effects the product of heat flux - exposure time Is not 
a constant The product is less for the couplet of high heat 
flux-low time than it is for low heat flux-high time. 

In other words, an Instantaneous <.02 second) exposure of 700 
2 2 

kW/m (14 KJ/m ) is sufficient to cause burns whereas a 300 
second exposure of 0.45 kW/m 2 (135 KJ/m 2 ) will not cause 
burns. 

The time required for pain (lj) and (12) can be correlated with 
the Intensity of radiation by the following equation: 

t - [35/q"] 1 33 

t p - time required for pain (s) 

q" - Incident thermal radiation (kH/m^) 


The heat release rate Is also referred to In literature as radiated 
thermal energy or power of energy release. 

The heat intensity is also referred to as radiant heat flux, thermal 
flux, emissive power or heat radiation load. 



Similar discussion applies to the autoignition of combustible 
material which Is responsible for fire spread. 

The significance of heat flux on autoignition Is evident upon 
realizing that autoignition energy of a host of materials is 
extremely small. In other words, an Instantaneous exposure of 
a combustible material to a high value of heat Intensity will 
result in autoignition. 

Damage to equipment and wiring can be caused by exposure to 
high heat flux for microseconds. 

The following heat radiation criteria can be used to determine 
the consequences of heat radiation (JJJ). 

Da maged Conditions Heat Radiation Load 

kH/m^ 

Piloted Ignition of wood In 1 min. 37.8 

Personnel skin burns In 30 seconds 5.0 

Wiring damage 12.6 

Storage tank damage 11.7 

The potential explosion hazard comparison shall be based on the 
total released energy (14), which is in line with the TNT 
equivalency concept. The latter Is also based on energy 
equllibrlum concept. 


The total energy content of the fuel represents an upper bound 
value for the energy released. However, the comparison shall 
be based on the energy released upon Ignition. In other words, 
the explosion hazard comparison shall be based on the energy 
content of the fuel consumed In fire. 
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QUALITATIVE COMPARISONS 


As explained in Section 7, NGV fuel release under fire is 
characterized by design as a controlled release. Whereas the 
counterpart scenarios of gasoline tank BLEVE or 
overpressurization spurting of gasoline from the filler neck 
are obviously uncontrolled releases. 

Therefore the rate of energy release of NGV fire scenario is 
much lower than the rapid CFV counterpart of BLEVE. 

A BLEVE is a very rapid event compared to the natural gas 
release, its subsequent burning or delayed ignition. 

A fireball produced from the immediate ignition of the gasoline 
vapor cloud generated at vessel rupture usually consumes both 
the flammable vapor and the liquid droplets dispersed Into the 
vapor cloud <1J). On the other hand, for the slower natural 
gas release, due to the diffusion and removal by the tunnel 
ventilation, only a small fraction of the gas remains within a 
flammable concentration. Both the total energy and energy 
release rate of NG are much lower than their counterpart of a 
gasoline tank BLEVE. Figure 8-1 schematically Illustrates the 
above comparison. 

A slow event such as Scenario 3 of the NG bus, allows for the 
tunnel emergency procedure and fire protection measures to come 
into play. In such an event, the tunnel personnel can quickly 
bring large fires under control, extinguish small fires and 
mitigate further spreading of fire to other vehicles and 
equipments by activating the emergency ventilation procedure, 
and keeping the adjacent vehicle gasoline tanks covered by 
cooling streams in order to prevent subsequent potential cases 
of BLEVE. 
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MASS RELEASE (Ibm) 




As previously discussed In Section 3, gasoline vapor Is much 
heavier than air. A gasoline spill will lead to persistent 
9round.--hugging layers In which vertical dispersion 1c 
SJiecreiied <L5>. The tunnel ventilation Is not as effective 
for gasoline spills, and empirical formulas of atmospheric 
gasoline fires remain applicable for gasoline fires in tunnels. 

Gasoline vapor disperses much slower than CNG In tunnels and 
the mass of the fuel-air mixture existing In concentration 
above the lower flammability limit Is much larger for gasoline 
In comparison with CNG. In other words, the forced tunnel 
ventilation being directed vertically upward Is most effective 
for the dilution and removal of lighter than air gases and 
therefore the dispersion of CNG released In tunnel Is much more 
rapid compared to gasoline spill In tunnel. 

Furthermore, the lower flammability limit for gasoline Is much 
lower than that for natural gas (IX versus 5.3X by volume In 
air). This, together with lower Ignition temperature, 
characterizes gasoline spills as a higher fire potential. 

CNG, unlike LNG, when released to ambient conditions will be 
predominantly described by light gas dispersion models. Even 
though Initially the gas density may be higher than air In the 
close vicinity of the exit, the temperature of the released gas 
will quickly become comparable to the ambient. Whereas for LNG 
spills of the cold liquified gas will cool the surrounding air 
and the mixture of methane/air will be heavier than the ambient 
air and hence will remain close to the ground (ljj). 
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It Is generally believed that explosions of unconfined 
methane/alr mixtures are difficult to Initiate without a 
detonation wave (JJ) and (Ifi). An explosion Is a rapid 
chemical reaction that propogates through the media by a 
detonation wave as opposed to thermal diffusion. An explosion 
would produce a high pressure blast wave and would be more 
destructive than simple Ignition of the gas. Ignition of the 
gas would release thermal energy but would not produce the 
large blast wave.* The utilization of a strong ventilation 
system In tunnel dramatically reduces the effects of 
confinement, and characterizes the methane hazard as a 
"partial 1v" confined gaseous dispersion. 

As stated In (1J), the strength of the Ignition source 
Influences whether a detonable mixture deflagrates or 
detonates. Heak (thermal) Ignition sources Initiate 
deflagrations In open and closed systems; however, a 
deflagration may develop Into a detonation In a closed system 
due to the Influence of the confining walls. Strong 
(shock-wave) Ignition sources tend to Initiate detonations in 
open or closed fuel-air systems. Matches, sparks, hot surfaces 
and open flames are considered to be thermal (weak) Ignition 
sources, while shock-wave (strong) Ignition sources are 
blasting caps, bursting vessels, TNT, high voltage shorts 
(exploding wires), lightning and other explosive charges. 

In a Japanese experimental study on full-scale fires In tunnels 
(ifi), It was demonstrated that In unventllated tunnels 
multi-explosions can take place when gasoline-powered vehicles 
are set afire In the tunnel. This demonstrates that gasoline 
fires are similar to NG fires In that In confined spaces they 
may progress from the deflagratlve mode to the detonation mode 
as may be the case In unventllated tunnels. 
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QUANTITATIVE COMPARISONS 


The accidental releases consequences of NGV are based on the gas 
dispersion analyses of Section 7. The energy release rate is calculated 
for two conditions; immediate ignition as well as delayed ignition. The 
most conservative sets of parameters are assumed in order to maximize the 
hazard. 

The counterpart accidental releases of gasoline are analyzed for an 
Instantaneous release (BLEVE) as well as a tank rupture, gasoline pooling 
and pool fire. The fireball duration and radiated energy are calculated 
using correlations provided In (14). 

The gasoline pool fire is calculated on the basis of correlation provided 
in (_L2). The hazard of gasoline scenarios Is Intentionally underesti¬ 
mated In this set of calculations for the purpose of conservatively 
assessing the comparative hazard of NGV, e.g., the selection of capacity 
of gasoline tank, and the radiated energy fraction are on the low side of 
the reported values. On the other hand, the parameters of NG hazard 
calculations are exaggerated for sake of conservatism. 

The hazard comparison Is based on the following: 



The en ergy content and potential fire released energy of NGV 
are presented In Table 8-1 along with the energy content of 
their counterpart gasoline tanks. The gasoline potential 
flre-re eased energy is defined as the potentlaV explosion 
energy or pool burning for a BLEVE or tank rupturk respectively. 

The energy content of the natural gas cloud existing 1rt\the 
tunnel at concentrations higher than the lower flammablliW 
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limit (which corresponds to the effective mass M g ) as 
determined by the gas dispersion calculation using TEMPEST 
represents a conservative estimate of the fire-released energy 
upon delayed ignition. 

The potential explosive mass of NG represents only a fraction 
(1-7X) of the total mass content of NG cylinders and hence the 
potential explosion energy of NG cloud in tunnel Is much lower 
than 7% of the energy content of the NG cylinders. 

The potential power of fire-released energy of NG Is 
calculated for two cases of Ignition. The Immediate Ignition , 
for which the rate of energy release Is based on the Initial 
rate of gas release. And, the delayed Ignition , for which the 
power of energy release Is based on empirical correlations by 
Hasegawa and Sato for fireballs associated with vapor cloud 
"explosions." The results of both cases are presented along 
with the rate of energy releases of BLEVE and pool burning In 
Table 8-2. 

Gasoline Tank BLEVE 

The Instantaneous release of gasoline vapor via BLEVE Is addressed In 
this calculation by using the fireball empirical correlations presented 
by Nazarlo (M), which are summarized below: 

Of - the radiative energy of the fireball, Btu/hr 
Of - 4 TT<818.2>1 aH c <M f ) 2/3 Btu/hr 

where 

n l - the radiative fraction of energy 
*H C - the heat of combustion of the material, Btu/lbm 
Mf - the mass of material (fuel) In the fireball, lbm 
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For gasoline 


■ 0.4 for cases of BLEVE where the burst pressure Is 
greater than the set point of the pressure relief valve 

H c - 1.91 x 10 4 Btu/lb 

Of - 4 (818.2) 0.4 (1.91 x 10 4 > <Mf >2/3 Btu/hr 
Of - 78.5 (M f >2/3 x i 0 6 _ 2 3. (Mf) 2/3 MW 
Duration of the fireball tf - 0.346 (Mf) °-33 seconds 


The calculations will proceed for tank sizes of 60 gallons, 30 gallons, 
20 gallons and 15 gallon^ 

TG - tank size (gal Ion) 

M f - 6.18 (TG) lb 

Therefore 

Of - 23 (6.18 TG> 2/3 MW 

- 77.5 <TG> 2/ 3 
and 

tf - .346 (6.18TG) 1/3 - .63 TG 1/3 S 


The computational summary Is presented In Table 8-1 along with the energy 
content which Is calculated from 


E - m h r 
kg J/kg 


E - 124.7 (TG) 


MJ 



Table 8-1 


GASOLINE BLEVE 


Tank 

Size 

(gal Ions) 
TG 

1 Radiant 

1 Energy 

1 Of 

1 (MW) 

1 

tf 

(s) 

1 1 

1 1 

1 E - Energy 1 

1 Content 1 

i_T ! 

if - Of tf*1 

l 

<MJ> | 

60 

1 

1 1188 

J_ 

2.5 

1 1 

1 7480 1 

1 1 

7425 1 

30 

1 

1 750 

1 

2.0 

1 1 

1 3740 1 

1 1 

3750 1 

20 

1 

1 571 

1 .7 

1 1 

1 2494 | 

1 1 

2430 

15 

1 

1 471 

J_ 

1.6 

1 1 

1 1870 1 

1 1 

1884 | 


* E f - . the estimated energy content of the fireball 

l which should be equal to the energy content 

of the gasoline tank. 

The slight differences between E-& E are merely 
due to truncation errors In bothof the 
correlations and the computations. 
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Gas o1Ine Poo1 Burning : 


Assuming an Instantaneous release of liquid, the equations describing 
gasoline pool fires are summarized as follows: 


t ffl - Duration of fire - 0.6743 [VL/g y 2 ] (s) 

R m - Maximum radius of the pool (m) 



where 

V L - Total volume of spilled fuel (nr) 
g - acceleration due to gravity - 9.81 m/s 2 

y - liquid burning rate m/s 

-4 

- .6 x 10 m's for gasoline 
Therefore for a gasoline spill 


R . VL <- 


1/8 

-8 ) “ IJ -" V L 

1/4 


and t m - .6743 [- 


The Maximum Mass Burning Rate m -TrpR m Z x y 


m - 

2 

TT(740) R m x 

•6xl0- 4 

kg/s 

kg/m 3 m 2 

m/s 

m - 

.139 R 2 


kg/s 

?2 

m 



0 - Total energy radiated per unit time (H) 

- ^ m aH c 


9 
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where 

*1 m Fraction of combustion energy radiated (Radiative fraction) 
m * mass burning rate (kg/s) 

AH c . the net heat of combustion (J/kg) 


The reported values of T, ranges from 10% to 60.1% for pool diameters from 
10.m to 1.0 m respectively, as suggested by Mudan <]j>)V Nazarlo (M) 
suggest a value of 30% for radiation from fireballs If burst pressure Is 
less than the set pressure of the pressure-relief valve, and 40% If the 
burst pressure Is greater than the PRV's set point. A value of 10% Is a 
reasonable and conservative value for the pool sizes encountered In this 
study. 

By substitution In the above equation; 

0-0.1 (m) (44.5) MW 


The calculations will proceed for tank sizes of 60 gallons. 30 gallons. 
20 gallons and 15 gallons. 

The calculation steps and results are presented In Table 8-2. 


As explained by Mudan. the radiative fraction Is higher for smaller 
size gasoline fires since smoke obscuration results Into a significant 
reduction In the Incident radiation recorded by the radiometers In 
actual size experiments. 



TG - tank size In gal Ions 


R . 

m 

15.11 

c —is_ 

264.173 

3/8 

) . 1 

1.86 

(TG) 3/8 

m 

*m ■ 

49.2 

( —Ifi_ 

264.173 

1/4 

) - 1 

1 .22 

(TG) I/4 

s 

m - 

.139 

R 2 

m 




kg/s 

0 - 

4.45 

m 

(for 


0.1) 

MW 


Table 8-2 

GASOLINE POOL BURNING 


1 Tank 

I Size 

1(gal Ions) 

1. JG__ 

1 

1 Maximum 

1 Pool 

1 Radius R 
.1_(m) 1,1 

Maximum 
Duration t 
_ s^_ 

_ 

Mass 
Burning 
Rate rti 
ka/s 

1 1 

1 1 

1 Radiative 1 

IEnergy °max 1 

1 (Mh) max 1 

E 

Pool 

Fire 

MJ 


1 60 


8.6 

34 

J_ 

10.4 

1 1 

1 -46.0 1 

1 1 

7820 


1 30 


6.66 

29 

J_ 

6.16 

f 27.4 | 

1 1 

3973 


1 20 


5.72 

25 


4.5 

1 1 

1 20.2 | 

1 1 

2525 


1 15 

J_ 

5.1 

24 

_ 

3.7 

1 1 

1 16.3 1 

J_L 

1956 



•B.: An approximate estimate of the energy of Pool Fire E 

<E pool 2' T !^max ^m J 
fire • 

Is calculated and compares fairly well with the total energy 
content of the gasoline tank, reported In Table 8-1 as "E". 
The difference between E and 
Epooi ,s due merely to truncation errors, 
fire 










Natura l Gas Cloud Ignition (Delayed Ignition) 


Upon delayed Ignition of a natural gas cloud, the fireball duration and 
power are characterized by the following equations (11) . which are 
empirical correlations developed by Hasegawa & Sato for Hydrocarbon fire 
balls. 


n 090 m 0 - 771 /0 2 

v* ■ 828 m /R 

kH/m2 k? 


- 4 (828'( m) 

kH ma 


m^ 

0.771 


t s - 2(1.07) nT ’ 1 
Dmax . 5.25 m°' 3H 


This formula, when compared with the correlations presented by Nazarlo 
(14) for gasoline BIEVE, reveals that the latter predicts a larger 
thermal rate and shorter duration of the fireball. 

It should be noted also that the correlations by Hasegawa & Sato has 
built in It both of ^ (the radiative fraction) and aH c (the combustion 
heat value), whereas the equations by Nazarlo allow for different value 
of ^ and aH c . 

For the sake of conservatism, the equations by Nazarlo are employed for 
natural gas fireballs and a value of 0.3 Is used since the natural 
gas cloud has been formed by a controlled release. The value of aH c Is 
set equal to 50.02 MJ/kg. 



E quations to be used - 


Btli/Hr ‘ ^>818.2)-! 4 H £ 

M 2/ 3 

M f 


Btu/1bm 

1 bm 


• t iSw 2 ' * '05... ”1 


M 2/ 3 
*f 

w 

B t u/ 1 bm 

16m 

- 3 0126 » 10 3 AH M f 2/3 


<&H ( 


Cf 

MW 


3.0126 x 10 3 x 21.3 x 10 3 '*[■ (M f ) 2/3 
lb 

64.168 - 19.25 (Mj( 3 

1 bm f 1 


0.3) 



Btu/1b 


The power of thermal release associated with the Inmedlate ignition of 
natural gas can be reasonably assumed proportional to the mass release 
rate. 


Therefore Qj ^ In MW 

^ - radiative fraction - 0.6 for NG fire 
m - Mass release rate In kg/s 
aH c - Heat of combustion - 50.02 MJ/kg 

Therefore the maximum energy release rate Is associated with the maximum 
mass release rate. 


Q j - 0.6 (50.02> m 


for m . 0.7 1bm/s 
- 0.317 kg/s 
Q. - 9.52 MW 


BUS SCI 
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for fti - 1.2 1 bin/s 

- 0.544 kg/s 
Oj- 16.33 MW 


BUS SC3 


for 


rti - 0.63 lbm/s 
- 0.285 kg/s 
Oj- 8.57 MW 

* 


4 CNG CYL Pick-up 

i 


The values of power of energy releases quantify the potential hazard of 
"NG release for tne different scenarios and are presented In Table 8-3. 

The comparative hazard quantification is presented in tabular form in 
Table 8-4 for the energy contents and Table 8-5 for the power of energy 
releases- Figure 8-2 Is Illustrative o^ the hazard comparison where the 
energy release rate as well as the duration of the fireball, pool burning 
or the gas jet fin* are demonstrated for the bus comparison scenarios 

number 3 

The analysis indicates that the total energy content of the CNG bus is 
about 4CT2. greater than a typical smaller sized gasoline bus. while the 
• other CNG vehicles contain less fuel energy than their gasoline 
counterparts The hazard of Ignition of gasoline, however, can be 
significantly greater than the NG scenarios. The worst case by far is 
the gasoline BLEVE. In all cases the thermal energy release rate of a 
BLEVE is 10-100 times greater than Ignition of a CNG release. The BLEVE 
power release from a small passenger car is greater than the worst 
possible delayed ignition case from the full-sized CNG bus. 

For delayed ignition, the energy of the effective mass of all the CNG 
vehicles is less than their gasoline counterparts. The power rate for 
immediate CNG ignition is comparable to pool burning of gasoline, 
although the worst-case bus scenario can be a factor of 2 higher. 
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Figure 8-2. Power of Energy Release Comparison 
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Table 8-3 


NG IGItiTION CONSEQUENCES 



l Delayed Ignition Is based on maximum mass of NG existing In cloud of 
concentration > LFL - 5.31. I.e. M e . 

2. Based on Initial mass flow rate value. 

3. Estimated value by using a 71 fraction of total mass as suggested by 
TEMPEST results for analyze* cases. 
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Section 9 


CNG VEHICLE HAZARD MATRIX 

Section 5 of this report examined CFV hazards and using national accident 
data and specific tunnel accident reports, quantified the hazard due to 
gasoline vehicles. This data was represented as a hazard matrix based on 
a single transit of the Lincoln Tunnel. For comparison an Identical 
hazard matrix Is constructed for CNG vehicles. 

To quantify the hazard due to CNG vehicles In a tunnel environment Is 
difficult and will require some judgemental factors. Although the 
experience base Is over 25 billion vehicle miles, this Is small compared 
to CFV. Available data on CNG safety Is very encouraging, but It Is a 
mixture of anecdotal experience, different vehicle types, and different 
conditions. In addition, the data must be extrapolated to tunnel 
conditions. Analyses of governmental fire statistics Indicate a 
favorable CNG record compared to CFV, but some of these analyses are 
based on estimates and assumptions, and the number of CNG Incidents are 
still statistically small. For these reasons a preclse probabl11stlc 
assessment cannot be done, but quantification of risk can be shown In 
broad categories. 

Section 8 of this Report Indicated that the consequences of CNG release 
and Ignition In a tunnel environment were lower than the counterparts for 
gasoline. Therefore, the hazard categories chosen for the CFV hazard 
matrix In Section 5 are comparable for CNG vehicles. and In fact are 
conservative for CNG since some gasoline scenarios have higher 
consequences. To construct the CNG vehicle matrix, the frequency of each 
hazard category must be estimated from the historical data and the hazard 
analyses. 
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For the worst category of BLEVE/Explosion which would also Include 
cylinder rupture, the frequency Is judged to be no greater and probably 
much less than CFV. No cylinder has ever ruptured and the safety relief 
devices In fact mitigate the catastrophic release of g«. The diffusion 
analysis In Section 7 shows a cloud that Is not really confined and, as 
Indicated In Section 3, the probability of an unconfined explosion is 
nlll without an initiating pressure wave Ignition. The released gas can 
be ignited by a high temperature source, but It will not explode. Crash 
tests and experiential data also suppport this conclusion. 

For the category of a major fire with injuries or fatalities, the 
frequency of occurrence “1th CNG vehicles Is conservatively judged at no 
greater than 20* of the occurrence of CFV. No Injuries or deaths from 
operational CNG vehicles have ever been reported, and the fire rate data 
Is significantly less for CNG. Diffusion analysis Indicates that gas 
dispersion Is slowed by the tunnel environment, but that only a small 
portion of the gas ever exists In the tunnel In the flammable region at 
any one time. The cloud propagates along the celling, lessening the 
chance of injuries should It Ignite. To allow for the tunnel effect, an 
upper limit of 20X was chosen - approximately double our estimate for an 
uoper limit for the open environment. 


In the moderate fire category, the frequency of occurrence for CNG 
vehicles Is judged to be 40X of the occurrence for CFV. This Is derived 
from fire data with an Increased Ignition factor of 2 assessed for the 
tunnel environment. Minor fires are Judged not to be affected by the 
tunnel and their occurrence with CNC Is conservatively estimated at 201 
of the rate for CFV. Leaks without fire may actually be greater for CNG 
vehicles. Although fire department data show fewer CNG leaks, user 
surveys do indicate frequert minor leaks that would not be reported. The 
data Is not sufficient to quantify the size of the leak, so a 
conservative estimate of 1 to 1.5 times the CFV rate was assessed. 


The judgemental factors were applied to the CFV frequency and the matrix 
shown in Table 9-1 was derived. Rates shown are representative of a 
dedicated vehicle. Both CNG and CFV frequencies are shown for 
comparison. Data for the CNG bus is Insufficient to quantify risks, but 
there is no reason to believe that it would not bear the same 
relationship to a gasoline bus as Table 9-1 shows for passenger vehicles. 

The hazard matrix clearly illustrates, that within the broad category 
groupings described, CNG vehicles pose an equal or less hazard than their 
gasoline-powered counterpart. 
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Section 10 


RESULTS AND CONCLUSIONS 

This report has assessed the relative hazard of CNG vehicles transiting 
New York City tunnels and bridges. The hazard of CNG vehicles was 
compared to conventional gasoline vehicles by analyzing their fuel 
properties, fuel system design and safety record. The effect of the 
tunnel environment on CNG release was studied by performing a diffusion 
analysis of the released fuel to predict the resulting vapor cloud size 
and concentrations. A deterministic analysis was performed to compare 
the consequences of ignition of the fuel in the tunnel. 

The conclusion drawn from this study Is that the overall hazard of the 
CNG vehicles considered is not greater than typical gasoline vehicles, 
even in a tunnel environment. This study indicates that a dedicated CNG 
vehicle actually represents a lower hazard than Its gasoline 
counterpart. These conclusions are based on CNG experience extended by 
analysis that Is not as extensive as gasoline vehicle experience. 
However, the CNG experience data is of sufficient depth and tne analyses 
models sufficiently conservative to strongly recommend that the bridge 
and tunnel restrictions on CNG vehicles be reconsidered. 

An examination of the worldwide CNG vehicle record reveals an 
accumulation of approximately 25 billion vehicle miles to date. This 
experience Is sufficient to assess the general accident frequency of CNG 
vehicles. All data examined In this study Indicates that the fire, 
fire-related Injury and fire-related fatality rate of CNG vehicles is 
substantially less than gasoline vehicles. The reasons for the good 
safety record of CNG can be attributed to: 

I. Natural gas diffusion properties that cause released gas to 
disperse quickly 
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Ignition characteristics that make It harder to Ignite natural 
gas 

3. The strength and lobustness of the CNG cylinders 

4 The controlled nature of any CNG re'eases 

5. Engineered safety features of CNG vehicles 

Confidence In the CNG cylinders arises from the fact that testing 
programs and experience have Indicated that cylinder failure will be a 
very rare occurrence. In spite of a worldwide search, this study could 
find no evidence of a DOT-approved cylinder ever falling In a CNG vehicle 
application. For this reason, cylinder rupture was not considered a 
credible scenario. 

The only hazard category where CNG vehicles might exceed gasoline 
vehicles Is that of fuel leak without fire. Several operators have 
reported numerous small CNG leaks. It Is not clear If this Is the result 
of the high-pressure gas leaking more often, or If the odorlzed nature of 
CNG allows detection of small leaks that would not be notlc d for 
gasoline. This hazard Is minor, It Is not affected by the tunnel 
environment and does not Impact the relative safety rankings of the fuels. 

The available safety data for CNG vehicles Is representative of open 
highway conditions, and the question this study addresses Is whether or 
not a tunnel environment Increases the CNG vehicle hazard relative to 
gasoline. As a result of the diffusion and deterministic analyses, it Is 
concluded that the overall hazard of CNG fuel In the tunnel Is less than 
the -hazard of Ignition of the # fuel from a comparable gasoline vehicle. 

This conclusion holds for all CNG vehicles up to and Including the 
9-cylinder CNG bus. 
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The diffusion analysis indicates that the tunnel ventilation Is effective 
in removing and diluting the released natural gas. At any one tine, only 
a fraction of the gas is present in the flammable range, thereby reducing 
the ion it ion hazard. The NG cloud spreads along the top of the tunnel 
resulting in essentially an unconfined configuration. An unconfined NG 
cloud can ignite but it cannot explode with ordinary ignition sources, 
and it Is concluded that a CNG explosion In a ventilated tunnel is highly 
unlikel> 

The analysis also Indicates that longitudinal air movement has a great 
effect on the hazard. A few mph longitudinal flow will reduce the CNG 
fi.e hazard an order of magnitude. This study has. found that these 
longitud'nal movements frequently exist in tunnels, but no information 
was found on their magnitude and frequency for the New York tunnels in 
quest ion. 

The worst CNG accident scenario Involved a fuel line rupture under the 
bus This resulted in the fastest fuel release combined with the bus 
underca-.iage preventing upward dispersion. This scenario was still less 
hazardous titan some gasoline accidents, but if an effort is made to 
improve CNG vehicle safety, this study indicates a fruitful area would 
be to concentrate on preventing fuel line rupture, reducing gas flow in 
case of a rupture, and preventing gas buildup under the vehicle. The 
study found that the hard-piped vent line of the CNG bus was a positive 
feature 

Extrapolation of the tunnel analysis to the lower deck of the bridges and 
the George Washington Bridge Approach Indicates that CNG release poses a 
reduced hazard for these structures compared to the tunnel. This 
conclusion is based on the much larger cross sectional area, and the 
virtual open sides of the bridges. 

Sources of Ignition will always be present in an accident situation, and 
ignition of the released fuel cannot be precluded. A thermal analysis 
Indicates that the results of CNG Ignition ave comparable to or less than 
gasoline, depending on the scenario. The most severe hazard Is the 
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gasoline -SIEVE, which can result In a thermal energy release rate 10-100 
times greater than CNG Ignition, The BLEVE power release from a small 
passenger car exceeds the worst accident scenario for the CNG bus. 

A review of highway tunnel fires Indicates that few major fires occur and 
that the frequent small fires are extfhgulshed without difficulty. This 
Indicates that gasoline fires rarely progress In highway tunnels to their 
maximum potential hazard, due In part to The ventilation system 
effectiveness, the tunnel's emergency procedures, and fire suppression 
nteparedme*. ft Is believed that the abov^ftasures will similarly work 
to limit any NGV fiu^to^^uch lower level of severity compared to the 
theoretical calculated potential hazjrd' should be emphasized that 
the worst case presented In this study entailed a ruptu£$>of.Jhe fuml 
line In the worst position, for"a stopped bus with nine full CNG 
cylinders. In the worst position In a tunnel having a minimum ventilation 
rate and no longitudinal air flow, and that Ignition of the cloud 
occurred at the exact time of Its maximum size. The probability of this 
scenario Is very low. 

In summary, the risk Is a product of the hazard severity and Its 
frequency. For CNG vehicles In general, the frequencies are less and the 
hazard severities are less; therefore, the risks of CNG vehicles are less 
than their gasoline-fueled counterparts. 

The comparative analyses were done for dedicated CNG vehicles. Obviously 
a dual-fueled vehicle poses a slightly greater risk since It carries the 
fuel equivalent of both vehicles. The dual-fueled vehicles considered 
were all smaller than the bus. and the combined hazard of both fuels Is 
still comparable to conventional fueled vehicles that transit the tunnels 
and bridges every day. The dual-fueled vehicles reviewed for this study 
are carrying an extra energy equivalent of 8-18 gallons of gasoline. 
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APPENDIX A 


TOXICITIES OF MOTOR VEHICLE FUELS 


l. NATURAL GAS * 

i.1 Calculating the TlV 

' Th^term Threshold Limit Values (TLVs) Is registered by the American Conference* 
of Governmental Industrial .Hygienists (ACGIH). TLVs are reconwnended. limits of 
exposure to airborne cheml cal s j.id fall Into’ three* ^attgorles: theTIme- 

. Weighted average (TWA), the Short Term*Exposure Limit (STEL) and the Celling. 

The TWA Is "the time-weighted average concentration for a normal 8-hour workday 
and 40-hour workweek, to which nearly all workers may be repeatedly exposed, day 
after day. without ad-erse effects." Workers can be exposed to STEL concentra¬ 
tions for a period of up to 15 minutes not more than four times a day (1>. 

Unless otherwise specified herein, "TLVi 1 refers to the TWA. 

There Is no TLV value listed for natural gas, nor Is this substance discussed by 
Sax (2). However, the ACGIH presents a method for calculating the TLV of a 
mixture of gases If their toxic effects are additive <3>. Such an assumption Is 
valid for the toxic constituents of natural gas, since no synergistic Interaction 
between Its constituents Is known to exist. 

( 1 ) 


The composition of natural gas supplied by the Brooklyn Union Gas Co. Is shown 
In Table A-1, below. The TLV for each compound listed by the ACGIH Is shown In 
column 3. 

A-1 


T - 1 



T - TLV of mixture. 

fj - fractional volume of component 1 

tj - TLV of component 1 

f 2 - fractional volume of component 2 

t 2 - TLV of component 2 



Methane, ethane and propane are simple asphyxiants which have no specific toxic 
effects (4). The only hazard they pose to human health is decreasing the 
concentration of. oxygen In the atmosphere. Although no TLVs are officially 
assigned to these gases. U.S. Occupational Safety and Health-Administration 
(OSHA) regulations specify that workers be required to wear respirators in 
atmospheres containing less than 19.5% oxygen (5). The standard atmosphere 
conta1ns^20.£5^oxygeo <&); 4*erefote.-to comply with the OSHA standardT the 
concentration of asphyxiant gases cannot exceed approximately 11 , which Is 
conservatively chosen as the TLV for the purpose of this study. * 

Isobutane poses practically no toxic hazard and Is also considered an asphyxiant 
(7). Since alkanes higher than hexane (heptane, octane^ nonane) have higher 
TLVs than n-hexane (fl). the TLV of hexane Is conservatively assigned to this 
group of vapors. -The TLV of Isopentane Is no. listed by the ACGIH; however. Sax 
refers the reader to n-pentane for a discussion of Its toxicity (9). Isopentane 
was therefore assigned the TLV of n-pentane In Table 1. 

Table A-1 

TOXICITY OF NATURAL GAS 


COMPOUND 

FRACTION 

TIV* 3 

IDLH 


(by volume) 3 

(ppm) 

(ppm) 

Methane 

.9633 

7 x JO 4 

3.3 x,10 

Ethane 

.0202 

7 x 10 4 

3.3 x*10 

Propane 

.0037 

7 x 10 4 

3.3 x 10 

Isobutane 

.0008 

7 x 10 4 

3.3 x 10 

n-Butane 

.0007 

800 

— 

Isopentane _ 

.0003 

600 

15,000 

n-Pentane 

.0002 

600 

15,000 

Hexanes !. higher 

.0007 

50 

5,000 

Carbon dioxide 

.0070 

5.000 

5 x 10* 

N1trogen c 

.0031 

— 

_ 


? Brooklyn Union Gas Co.. Gate Station Measurement, 1987. 
b See text 

c Normal constltutent of atmosphere 



When effects of geses present simultaneously are not additive, the concentration 
of each gas or combination of gas^s Is compare^ to Its TLV to determine If the 
concentwt Ions -*re within permissible limits. Since there Is no «ason tu- 
believe that the asphyalant effects of the first four compounds listed (methane 
through Isobutanei would be additive to the to«lc effects of the remaining 
compoimds. the IlVsjsf tile two groups are calculated lnj)Jvldgal Ij^ind tf\jjiore*«^ 
restf^^ve'oT the twoTLVs Vs adopted as-the-TLV of the^ml afttve. 

- To calculate the TLV for the toxic components of natural gas, the TLVs and 
fractional volumes listed In Table A-l for components other than the asphyxiants 
are Inserted ln 4 o Equation 1. The calculated value Is approximately 5.8 x 10 4 
ppm. or 5.RX Since this Is lower than the value for the asphyxiants (7X), It 
constitutes the TLV of the gas. „ » 

1.2 Acute Toxic Effects 

The National Institute for Occupational Safety and Health (NIOSH) lists IDLH 
(Immediately Dangerous to Life or Health) concentration levels for about 800 
toxic chemicals. The IDLH Is defined as "a maximum level from which one can 
escape within 30 minutes without any escape-impairing symptoms or Irreversible 
health effects" (IQ). These values (when given) are listed In column 4 of 
Table A-! The value for asphyxiants Is based on Sax. who states that 
appreciable symptoms would develop at concentrations In excess of 331 (U>. 

An Inspection of Table A-l reveals that at a natural gas concentration of I00X. 
none of the toxic constituents would be present In more than a fraction of their 
IDLH concentrations The concentration of the most toxic component, n-hexane. Is 
less than 700 ppm In pure natural gas. while Its IDLH limit Is 5.000 ppm. If the 
acute effects of the toxic constituents of nat al gas are assumed to be 
Independent of the asphyxiant properties of Its major constituents, the only 
acute hazard that natural gas poses to human health Is asphyxiation due to lack 
of oxygen. 



Gasoline has a TLV-THA of 300 ppm In air and a TLV^TEL of 500 ppm (12.). The 
lowest concentration reported to produce any toxic effect In humans Is 9Q0 ppm 
fox a one-hour exposure; the lowest lethal concentration Is reported to be .3^00 „ 
' ppm--an >uffspec 1 f ied'mffmma 1* Tited after a f!ve-m!n'ute exposure to*^h1s* 
concentration (JJ). 

; 

3. DIESEL FUEL ^ 

The only diesel fuel listed by Sax Is "Diesel Fuel X n fuel otl* Is 

listed as a synonym No toxic hazards have been reported for this material (L4>. 

4 CONCLUSIONS 

Gasoline Is clearly the most toxic of the three fuels considered, with maximum 
concentrations for human-exposure limited to between 300 and 900 ppm, depending 
on the duration of exposure. Diesel fuel, presumably due to Its low vapor 
pressure at ambient conditions and to the low acufce toxlcltles of the long-chain 
hydrocarbons that are its main constituents, Is not known to pose any acute 
Inhalation hazard (It Is a suspected carcinogen, however). 

Natural gas concentrations of up to 5.8% pose no hazards for chronic 
occupational exposures. The only acute hazard posed by the gas Is asphyxiation 
due to the lack of oxygen. Since the concentrations required to produce these 
effects are In excess of the lower flammability limit of natural gas, 5.3% <15), 
these hazards are overshadowed by the hazard posed by fire or explosion. 


* 
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Concern over the toxl?lty of comhustlon products from vehicular ftres centers on 
-asmoke and gases, released fr«i|/)ifrn*ig or smoldering upholstery and ofher *" 
combustible parts of the vehicular body or Interior. Inhalation of the gaseous 
combustion products of natural gas or gasoline does not pose a slgnlfUant. . < 
# health hazard. — * 


Both fuels are almost entirely composed of hydrocarbons which, when completely 
oxidized, produce carbon dioxide and.wafer vapor. Hhen the oxidation Is not 
complete, various amounts of carbon monoxide are also produced. The CO to CO 
ratio Increases wlth Increasing size of the hydrocarbon molecule, lnus, natural 
gas. which consists of much lighter hydrocarbons than gasoline, would produce * 
much less CO when each fuel Is burned under the same conditions. 

In addition, gasoline contains other components such as organic lead which also 
produce toxic gases upon combustion. Therefore, natural gas Is the cleaner 
burning of the two fuels and less likely to produce toxic hazard In the 
atmosphere. 
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New York State Energy Research and Oevelopmapt Authority 




The New York State Energy Research and Development Authority (Energy 
Authority) it responsible lor the development and use ol sale, dependable, renewable 
and economic energy sources and conservation technologies. It sponsors energy 
research, development and demonstration (RD&D) projects end financing programs 
designed to help utilities and other pnvate companies lund certain energy-related projects 
The Energy Authority is a public benefit corporation which was created in 1975 by the 
New York State Legislature 

In wo ruing toward these goals, the Energy Authority sports. >rs research, development 
and demonstration projects in two major program areas: Energy Efficiency and Economic 
Development, and Energy Resources and Environmental Resea ch. 

Under its financing program, tha Energy Authority is authorized to issue tax-exempt 
bonds to finance certain electric or gas facilities and special energy projects for private 
companies. 

The Energy Authority also has responsibility for constructing and then operating 
facilities for the disposal of low-level radioactive wastes produced in New York State The 
generators of these wastes ultimately will bear the costs of the construction of these 
facilities. 

A 13-member board of directors governs the Energy Authority, with William D Cotter, 
Commissioner of the State Energy Office, serving as Chairman of the Board and Chief 
Executive Officer. Irvin L. White, President of the Energy Authority, manages its 
programs, staff and facilities. 

The Energy Authority derives its basic RD&D revenues from an assessment levied on 
the intrasta'e sales of New York State s investor-owned electnc and gas utilities. 
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ABSTRACT 


A safety analysis was performed to assess the relative hazard of 
vehicles containing both compressed natural gas (CNG) and 
gasoline, referred to .. dual-fueled vehicles, compared to the 
hazard of a dedicated CNG vehicle. This study expands upon 
previous work that examined the safety of CNG vehicles transiting 
highway tunnels. The approach was to examine operational data, 
test results and to perform thermal analyses to determine if 
there are any eynergi.tic effect, where the total conseguences of 
fuel release might be greater than the sum of the two fuels 
released separately. This study concluded that a dual-fueled 
vehicle poses a slightly greater risk than a dedicated CNG 
vehicle,- however, this marginal increase in risk is small and is 
within the bounds of risk posed by gasoline-powered .vehicles. 
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INTRODUCTION 


PURPOSE AND SCOPE 

The recently completed study entitled “Safety Analysis of 
Natural Gae Vehicles Transiting Highway Tunnels" was published 
in August 1989 by New York State Energy Research and Development 
Authority (NYSERDA) as Report 90-2 (1). This study addressed the 
generic problem of accidents involving natural gas powered 
vehicles in New York City tunnels, and concluded that the risks 
of Compressed Natural #Gas (CNG) vehicles are less than their 
gasoline-fueled counterparts. The conclusion of th# study 
carries this statement regarding dual-fueled (natural 
gas/gasoline) vehicles. 

"The comparative analyses were done for dedicated CNG 
vehicles. Obviously a dual-fueled vehicle poses a slightly 
greater risk since it carries the fuel equivalent of both 
vehicles. The dual-fueled vehicles considered were all 
smaller than the bus, and the combined hazard of both fuels 
is still comparable to conventional fueled vehicles that 
transit the tunnels and bridges every day. The dual-fueled 
vehicles reviewed for this study are carrying an extra 
energy equivalent of 8-18 gallons of gasoline". 

The purpose of this addendum is to expand on this statement and 
to examine specifically the hazards associated with dual-fueled 
vehicles in a tunnel environment. The scope of this addendum is 
the same as the original study. This assessment will consider 
only those hazards arising from the release of fuel from the , 
vehicle. Only CNG/gasoline dual-fueled vehicles will be 
considered. Nonoperational hazards such as refueling, parking or 
maintenance are not within the scope of this study. 


- 1 - 


The objective of this study is to determine if a dual-fueled 
vehicle poses a substantially different or greater hazard.than a 
dedicated CNG vehicle, such that the conclusions of the 
referenced NYSERDA study do not apply. The risk of dual-fueled 
vehicles is greater because, with two complete fuel systems, the 
frequency of component failure, leak or rupture, must be greater. 
Therefore, the cbmbined frequency of fuel release must be 
greater. The consequences of release (ignition) have greater 
potential since the vehicle carries more fuel »nd thus greater 
energy content. This study will examine the increase of risk for 
dual-fueled vehicles. 

• 

Since the referenced NYSERDA study already examined the effects 
of the release of natural gas and gasoline in a tunnel, this 
addendum will focus on possible synergistic effects where the 
total consequences might be greater than the sum of the two fuels 
released separately. If synergistic effects are found, this 
study will attempt to determine if the consequences are still 
within the range of conventional vehicles, or whether anomalous 
accidents with potentially large consequences are credible. 

DUAL-FUELED VEHICLES 

As noted in the referenced study, any stock vehicle with an 
ignition engine can be converted to run on CNG. Typically, CNG 
is stored in one or more heavy walled pressurized gas cyclinders. 
During operation, CNG flows from the cylinders to a pressure 
regulator which reduces the gas from high storage pressure to 
near atmospheric pressure, and feeds the gas to the vehicle 
engine upon demand. The dual-fueled vehicle retains its gasoline 
fuel tank and all of the gasoline fuel components. Depending on 
the kit, the gasoline connection to the carburetor might be 
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modified to allow for the connection of a natural gas (NG) - air „ 
sixer. Otherwise, the gasoline system is left intact. * fuel 
selector switch allows dim driver to choose which duel is fed to 
the engine. 

The number of CNG cylinders and their location on the vehicle 
vary. The Brooklyn Union Gas fleet contained dual-fueled sedans, 
vans, pick-ups, as well as various light trucks. The number of 
CNG cylinders per vel icle varied .from 2 to 4, and their size 
ranged from 1.21 cubic feet up to 2.26 cubic 'feet. In the 
sedans, the cylinders were typically mounted in the trunk above 
the gasoline tanks as shown in Figure 1. In the vans, the 
cylinders were typically mounted in a steel box in the cargo 
compartment. The' cylinderi in the trucks had various 
arrangements, typically located behind the cab or underslung on 
the frame. In several of the arrangements, the CNG cylinders are 
in close proximity to the gasoline fuel tank. 

All of the CNG cylinders have safety relief devices (SRD) which 
are designed to vent the natural gas in event of an accident. 
The natural gas is vented either directly or indirectly to the 
atmosphere. CNG cylinders that are already in the open, such as 
underslung on the vehicle carriage or behind the cab. vent 
directly to the atmosphere. Those in a vehicle trunk or cargo 
compartment, exhaust through a vent line to the outside of the 
vehicle. For example, the sedan has the cylinder SRDs enclosed 
in a flexible vinyl bag which vents directly below the vehicle. 
Wherever the fuel tanks are in close proximity, the NG and 
gasoline fuel lines are also in close proximity. 

As previously noted, most dual-fueled vehicles are converted from 
stock gasoline vehicles. Reference 1 notes that there are at 
least 34 suppliers or installers of CNG conversion kits. This 
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would result in some variability in the vehicle configuration, 
but the designs of the Brooklyn Union Gas fleet described above 
are &onsidered typical. 


METHODOLOGY 

The approach used in this study is to perform a hazard analysis 
on a typical dual-fueled vehicle. This hazard analysis will 
exasine potential accident scenarios whose consequences could 
exceed those deemed acceptable in the referenced NYSERDA study. 
The methodology for this analysis is as follows: 

1. Extract from the referenced study, data and analysis 
that are applicable to dual-fueled vehicle accidents. 

2. Re-examine the available accident and historical 
operational data for evidence of dual-fuel hazards that 
exceed dedicated CNG vehicles. 

** 

3. Perform an engineering assessment of dual-fueled 

vehicles that will identify factors that could 
aggravate or lessen the consequences of an accident, 
and perform a qualitative analysis of these factors. 

4. Perform a thermodynamic analysis that will allow a 

quantitative assessment of two accident scenarios 

involving a dual-fueled vehicle. The first scenario 
involves the release and ignition of the gasoline 
first. The second scenario involves the release of the 
natural gas first. Compare the consequences to an 
equivalent vehicle with either all gasoline or all CNG. 


NGV SAFETY STUDY 


The referenced NYSERDA Study was examined along with the 
underlying data and calculations to determine its applicability 
to dual-fueled vehicles. The findings are discussed below 
(all examples and referenees refer to the NYSERDA study) 

While dual-fueled vehicles were not specifically examined in the 
NYSERDA study, the effect of a gasoline fire on CNG cylinders was 
evaluated. This evaluation is applicable to tfce case of the 
dual-fuel scenario wher% the gasoline is released first and is 
ignited. The following was extracted from the NYSERDA study: 

Release of natural gas caused by a gasoline fire was 
one of the scenarios considered in the study (see for 
example Table 7-1). • ... 

The effect of a gasoline fire on CNG cylinders was 
calculated to increase the rate of natural gas released 
by about 16% compared to cold actuation of a cylinder 
SRD (see hot actuation^Table 7-2) . This release rate 
was still less than the worst scenario considered. 

Calculations indicate that it is extremely unlikely 
that a gasoline fire can cause more than one safety 
release device (SRD) to actuate due to pressure. This 
is because once one SRD actuates, the whole system 
depressurizes faster than the fire can transfer heat to 
repressurize (page 7-4). This eliminates the scenario 
* .of multiple SRD actuations caused by fire-induced 
pressure. This would hold true for steel cylinders. 
As a clarification to the referenced report, each steel 
NG cylinder has a burst disc in series with a thermal 
plug relief device. Aluminum cylinders have only a 
thermal plug relief device. 
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- For aluminum cylinders in a gasoline lire, simultaneous 
thermal actuation of more than one SRD is possible but 
very unlikely. This is due to the non-reproducibility 
of actuation time, coupled with the fact that the 
release of gms would dissipate heat from the non- 
activated SRDs. Multiple SRD actuation was considered 
in Bus Case SC4 (Table 7-2), and it is noted that the 
consequences are less than the worst-case scenario 
considered. 

Bonfire testing of cylinders has been performed by 
Americans, Canadians and New Zealanders (see study 
Refs. Ch. 6 Nos. 27, 28, 29). 

Review of design, testing and experience data indicates 
that a fire-induced cylinder rupture is not credible. 

From > re-examination of CNG vehicle operational data, it is 
difficult to separate ouj dual-fueled from dedicated vehicles 
experience. However, there is no indication that dual-fueled 
vehicles are unduly hazardous. There have been no reports of 
catastrophic dual fuel accidents, and the fact that dual fuej. 
experience doesn't stand out indicates that the accident 
consequences must have been similar. 

The data reveals no synergistic effects impacting safety other 
than the obvious fact that the release and ignition of one fuel 
can cause the release and ignition of the other. 

Typical dual fuel vehicles have less combined fuel capacity than 
the passenger bus which was the largest vehicle analyzed. Dual- 
fueled vehicles surveyed for this study ranged from 47 lbs. to 95 
lbs. NG capacity. This is the energy equivalent of approximately 
8.5 to 17.2 gallons of gasoline. This is within the range of 
conventional vehicle tanks. 


The risk of the additional fuel is not directly proportional to 
its energ> content. This is because of the separation or 

compartmentalization of the fuel systems. The separate systems 
would result in different releases and ignition times, and thus 
the maximum effect (consequences) of -each cannot occur 
simultaneously. Therefore, the consequences of ignition are less 
for a dual-system than if the equivalent total fuel were in a 
single system. 

The worst case accident identified in the NYSERDA study was a 
high pressure fuel line break in the bus followed by a gas cloud 
spread to its maximum size and subsequent ignition. This event 
would appear to exceed in consequences any simple combination of 
release and ignition of the fuel in the typical dual-fueled 
vehicles considered. 


HAZARD ASSESSMENT 

In order to ascertain if there are any synergistic effects of the 
NG and gasoline fuels of the dual-fueled vehicle, a closer look 
at the consequences of ignition is required. In essence this 
hazard assessment is focused on the local (vehicle) effects of 
ignition as opposed to the overall global (tunnel) effects, which 
have been previously addressed in the NYSERDA study and remain 
valid for dual fueled vehicles. 

Discussion of the hazard assessment of dual-fuel vehicles as 
previously defined is divided into two sections. The first 
section deals with the gasoline fire preceeding the NG release 
and vice versa for the second section. 


GASOLINE FIRE PRECEDING NG RELEASE 


Qualitative Assessment 

No synergestic effect of gasoline fires on CNG cylinders can be 
identified. This is- due to the fact that NG is released in a 
controlled manner through the safety relief device (SRD). SRD 
actuation is controlled by the pressure buildup which in turn is 
a factor of the temperature increase by heat radiation, 
convection or conduction from the fire. In a dual-fuel vehicle 
it is anticipated that the radiative and convective fractions of 
the heat are the predominant contributors to the temperature 
increase of the NG cylinders (as opposed to the conducted heat 
^hrough the body of the vehicle). Therefore, when considering 
pool fires, the SRD of NG cylinders of a dedicated vehicle is 
likely to actuate equally well when exposed to a gasoline fire 
in an adjacent vehicle as when*exposed to a gasoline tank fire 
existent in the same vehicle, i.e. in the case of a dual-fueled 
vehicle. The actuation time may not be any different if the two 
fires are at equal distances from the SRD. The subject of NG jet 
flame ignition will be discussed in detail in the following 
section. 

In a congested tunnel, the proximity of the NG cylinders of a 
dedicated fuel vehicle to the adjacent car's gasoline tank is 
undoubtedly comparable to the proximity of the two fuel systems 
of a dual-fueled vehicle. 

Moreover, in a congested tunnel the fire-hazard of a vehicle with 
two full gasoline tanks may be comparable to the combined hazard 
of two full-tank vehicles located adjacent to one another. 
Similarly, the overall fire-hazard of a vehicle with dual-fuel 
systems is not any greater than the combined hazard of two 
adjacent vehicles each containing one of those fuel systems. 
Notice that the added energy content within a segment of the 



tunnel shell not neceeeerily translate linearly to an additional 
hazard, since experience has proved that the tunnel tires do not 
develop, to their full potential due to the suppression and 
intervention efforts, as concluded in the referenced NYSESDA 
study (page 10-4). 

Experience has also proved that a dual-fueled vehicle fire is 
nost likely to be initiated by a gasoline fire, and the NO 
release is delayed by the actuation time of the SRD. NO ignition 
after release is rarely immediate which is explained by the flame 
stability and blow-out concepts u. jet flames. Further 
discussions of the above will follow in the second section of 
this assessment. 

In essence a NG fire of a dual-fueled vehicle that follows the 
gasoline fire will most likely result in a subsequent energy 
release, the power of which is not additive to the power of the 
gasoline fire. See Figure 2. In other words, since th* two 
fires do not break out simultaneously, their effects are not to 
be superimposed when calculating the fire hazard. The power of 
energy release of a number of distinct scenarios of dual-fueled 
vehicles is illustrated in Figure 2 a-c. The counterpart 
scenarios of a two-gasoline tank vehicle are illustrated in 
Figure 3 a-c. 

As highlighted in Section 8 of the referenced study, in the 
quantification of fire hazard, the power cf en .rgy release is 
extremely important since it is responsible for the spread of 
fire by autoignition, da.nage to equipment as well as skin burns 
and pain. The maximum gcwer of energy release for a CNG vehicle 
occurs upon delayed ignition when the NG cloud has reached its 
maximum size. If NG release is caused by a gasoline fire, the 
cloud will most likely ignite before it reaches maximum size. 
Therefore a gasoline fire preceeding a NG release actually 
decreases the probability of the maximum credible NG accident. 
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Quantitative Assessment 


Fro* Table 8-5 of the jTYSERDA study, the following values are 
extracted and utilized to assess the consequences of ignition: 

- For the immediate ignition of released NG an upper 
bound of the maximum power of energy release equals 
9.52 MW for a. typical release through the SRD. 
Whereas, the delayed ignition power of the same vehicle 

l (vehicle A of Table 8-4 and 8-5) equals 55.53 MW. 

- The power of energy release of a 15-gallon gasoline 
BLEVE equals 471 MW and the maximum power of the pool 
fire of the 15-gallon gasoline equals 16.3 MW. 

Figure 2 illustrates three distinct scenarios of a dual-fuel 
fire: 

a) NG i^nediate ignition subsequent to gasoline 
BLEVE (15-gallon tank). 

b) NG immediate ignition subsequent to gasoline BLEVE 
pool fire upon tank rupture (15 gallon tank). 

c) NG immediate ignition subsequent to and quickly 
after gasoline pool fire such that overlapping of 

• the two events takes place (i.e., resulting in 
additive power). » 

Notice that NG ignition will not be additive to a BLEVE since the 
former will be delayed by the actuation time of the SRD, which is 
longer than the duration of a BLEVE (1.6S from Table 8-1). The 
duration of a pool fire from a 15-gallon tank equals 24 seconds, 
which may or may not be longer than the actuation time of the 
SRD. Cases 2b and 2c are illustrative of the two possibilities. 
The counterpart scenarios of a two-gasoline tank vehicle (or 
equally well, two adjacent full-tank gasoline vehicles) are 
illustrated in Figure 3. 


I? 
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Figure 2 - Dual- Fueled Vehicle Potential Hazard 

a- NS immediate ignition subsequent to gasoline BLEVE 

b- NG Immediate ignition subsequent to pool fire (nonadditive) 

c- *IG immediate''ignition subsequent yet additive to gasoline pool fire 

- 15-gallon tanks are assumed * n cylinder NG (n variable) 

- single SRD actuation 

- for higfier n , longer duration of NG fire 
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Figure 3 - Potential Hazard from Two Gasoline Tanks 


a- BIEVE of second tank subsequent to BLEVE of first tank 
b- Pool fire of second tank subsequent to BLEVE of first tank 
c- BLEVE of second tank subsequent to pool fire of first tank 
(two 15-gallon tanks are assumed ) 
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a) A second BLEVE subsequent to the first BLEVE. 

b) A pool fire (due to the second tank rupture) 
subsequent to the first tank BLEVE. 

c) A second tank BLEVE subsequent to the first tank 
rupture and pool fire, which represents the only 
additive case. 

By comparison of Fiqures 2c and 3c, it can be stated that the 
fire-hazard increase due to the close proximity of NG fuel system 
to a qasoline tank BLEVE or pool fire is smaller than the fire- 
hazard increase due to the close proximtiy of a second gasoline 
tank to another tank undergoing BLEVE or pool fire. 

In addition, the maximum additive power of a- NG immediate 
ignition subsequent to a gasoline pool fire (25.82 MW maximum 
total value) is smaller than the power of a delayed ignition of 
the NG of a dedicated fuel vehicle (55.53 MW). 

NG FIRE PRECEDING GASOLINE FIRE 

Qualitative Assessment 

In evaluating the effect of NG {release on an adjacent gasoline 
tank, unusual or synergistic effects are sought. It is accepted 
that the release and ignition of NG could cause the subsequent 
ignition of thfe-. gasoline. However, simple gasoline fires have 
been evaluated and are an acceptable hazard in the tunnels. 
Potential synergistic effects could include: 

Jet forces on the gasoline tank 

Concentrated flame impingement on the gasoline tank 
NG explosion causing rupture of the gasoline tank 
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High heat rates that could increase the potential 
of a BLEVE 

The latter effect is probably the most serious, since a gasoline 
BLEVE has been identified as the worst-case credible accident 
that could occur in the tunnel. Gasoline systems are designed to 
reduce the probability of a BLEVE by venting at 2 psig maximum. 
These vent systems are not foolproof, which makes the BLEVE an 
infrequent but credible scenario. The vent system will function 
regardless of the source of the heat; however, its potential for 
failure would be a function of the heat transfer rate into the 
gasoline tank. If a NG flame could input unusually high heat 
rates (compared to a gasoline fire ), then the BLEVE potential is 
increased. 

In order to realistically ascertain the effects of NG ignition 
and flame impingement on the gasoline tank, the determination of 
the onset of jet flame ignition and the pertinent power of energy 
release is of utmost importance. 

In essence, this assessment is focused on the local (vehicle) 
effects of the NG ignition as opposed to* the overall global 
(tunnel) effects which have been previously addressed in the 
NYSERDA study. 

Two possible scenarios of NG heating of a gasoline tank exist. 
One in which a jet flame directly impinges on the gasoline tank, 
l id the second in which the jet is deflected or is at some 
distance from the tank so that the tank is engulfed in a larger 
but lower velocity flame. 

It is remarkable that in numerous cases there was no NG ignition 
upon SRD actuation under severe abuse bonfire testing of NG 
cylinders. Eventual ignition is observed but never inmediate 
ignition of the high velocity gas jet. Moreover, in the recent 
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NG bus accidental gas release from the fuel line, there was no 
NG ignition «ither. 

In general, accidental release'from a CNG cylinder or fuel line 
demonstrates delayed ignition if any. The cases of immediate 
ignition would most likely be associated with nearly empty tanks 
(i.e., low pressure and low velocity of releasel, or released 
through a venting line that channels the SRD released gas. The 
venting line releases the gas at a much lower velocity and 
disperses the fire hazard over a larger area, and its 
consequences are less severe than a postulated immediate jut 
flame ignition. * — 

The concept of flame^ stability'of jet flames and the blow-out 
velocity (Ref. 2,3,4) provides an explanation for the above 
observations. Detailed theore-ical discussions and computations 
are provided in the Appendix. 

In summary, when the flow rate ’of a flammable jet exceeds a 
limiting value, the fl ? me extinguishes itself since the turbulent 
burning velocity cannot keep up with the gas flow rate. In other 
words, when the jet velocity is beyond a blow-out velocity 
limit, there will be no jet flame ignition. 

CNG releases- are characterized by a decaying mass flow rate as a 
function of time. Therefore, for high-speed NG jets, there will 
be no jet flame ignition until a point in time when the release 
velocity is less than the blow-out velocity limit or until the 
gas cloud has diffused away from the high-speed jet. NG releases 
are actually characterized as a relatively slow event compared to 
gasoline tank releases. In the appendix, discussion of the flame 
stability for NG fuel line break, release and jet flame is 
presented. In addition, ignition of NG released as a result of 
SRD actuation and with consideration of flame stability through 
the outlet vent is also presented. Consequence of ignition of 
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flame impingement in the former and fire engulfment of the 

latter on the gasoline tank are summarized in the following 
subsection. 

It should also be emphasized that the high-velocity jet contains 
little or no oxygen except at the edges. The gas cloud in 
general, rarely has the correct stoichiometric ratio of methane 
to oxygen. Ignition, therefore, under accident conditions will 
produce poor burning and lower flame temperatures. The analogy 
of a NG jet, under these conditions, to an oxy-acotelyne torch 
does not apply. At high velocities the jet cannot ignite. At 
lower velocities, the jet can ignite only around the edges, 

producing a poor, low-temperature flame. 

In assessing the explosion hazard of the NG and its consequence 
on an adjacent fuel tank, it is noted that the NYSERDA study 
concluded that an explosion in the ventilated tunnel is not 
expected because the gas cloud is not confined. At worst, the 
delayed ignition 01 an NG cloud would burn in the deflagrative 
mode, resulting in a very small overpressure. This would be 

insufficient to cause the catastrophic failure of an adjacent 

gasoline tank. 

Quantitative Assessment 

Analysis was performed on the jet forces, jet temperature, heat 
transfer and power released from a NG release adjacent to a 
gasoline tank- 


Jet Forces 

The natural gas jet force was determined by conservatively 
assuming that the blowdown occurred through a broken 1/4 M line 
from an infinite 3000 psig reservoir, and that this process 
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occured without any losses. The resulting jet force was 
determined to be on the order of 240 pounds. if this force was 
applied to a gasoline tank, it would be too small to cause any 
substantial damage or cause failure of the tank. 

Flame Temperature 

The adiabatic flame temperature of natural gas is actually lower 
than gasoline (1905 °C versus 2202 °C). In accident conditions, 
the flame temperature would be less, but adiabatic conditions 
were assumed. The melting point of the steel gasoline tank is 
1510 °C. 

It should be noted that the gasoline tank is expected to vent at 
2 psig over-pressure which has a corresponding saturation* 
temperature of about 127 °C. A consequence of this observation 
is that the temperature in the thermal boundary layer between the 
gasoline and the natural gas flame should remain at about 
(1905+127)/2 equal to 1016 °C, until all of the gasoline in the 
tank is vaporized. This average temperature across the thermal 
boundary layer is considerably less than the melting point of the 
tank, therefore the tank cannot melt through while it still has 
gasoline in it. This conclusion is similar for gasoline fires. 
It is noted that a "blow torch" effect does not occur in a NG 
fire. 


Heat Transfer Analysis 

A convective heat transfer analysis was performed to determine if 
an NG fire could produce higher heat transfer rates than a 
gasoline pool fire. Heat transfer rate is one factor affecting 
BLEVE probability. 

Two possible natural gas jet fires were considered, namely: 
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1 


A break in a 1/4" line resulting in a jet which 
impacted the gasoline tank tangentially. 


2. A simulated 4" line which resulted in a fire which 
engulfed the gasoline tank. This simulates a deflected 
or low velocity jet. 

Both of the aforementioned cases were compared to a gasoline fire 
with a view toward determining the heat transfer rates involved 
due to radiation and convection. For these analyses the 
following assumptions were employed: 

1. The material properties were assumed constant and 
evaluated at room temperature. 

2. The maximum flame temperature was assumed to be the 
adiabatic flame temperature. 

3. Combustion was assumed to be complete. 

4. Only water vapor and carbon dioxide in the products are 
involved in the radiation 

5. For the direct jet impingement, blow-out velocities 
were used. 

The results of these analyses indicated: 

1. The heat transfer rate froa a pool fire to a gasoline 
tank is about 20% higher than for the case of a methane 
deflected jet fire which entirely engulfs the tank. 

2. The heat transfer rate from a pool fire to a gasoline 
tank is about twice that of the case of a methane jet 
from a broken 1/4" line which is impinging tangent to 


- 19 



the gasoline tank. This is due predominantly to the 
small jet area as compared to the pool fire which 
involves the entire tank. 

ConMauinci pf Ignition 

The effects of ignition for the upper bounding case were 
calculated to compare the possible consequences for a NG fire 
causing gasoline ignition. This was done by ratio of arep covered 
by the tank to the total flame area. This analysis is very 
conservative and is for comparison only. The heat rate and total 
energy imparted to a gasoline tank were calculated for a r. 
impinging jet flame and an engulfing fire. For comparison, the 
consequences were calculated for a gasoline pool fire resulting 
from the rupture of a 15-gallon gasoline tank adjacent to a 
similar gasoline tank. 

Computations of the blow-out velocity of NG release from .25" 
fuel line break conclude that NG will not immediately ignite as 
a jet flame blown from fuel line. NG jet flame ignition will be 
delayed by a few minutes after the initiation of the release, at 
which time the mass flow rate would have dropped to less than 
.25% of the initial value. [Initial mass flow rate = 1.3923 
lb/s, whereas mass flow rate at blow-out velocity equals .0031 
lb/s). 

i) ms Jet Flflffifi/rual Line sceaK 

A jet flame blown from the fuel line break and 
impinging on the gasoline tank is characterized by a 
maximum heat rate to the gasoline tank of 0.105 MW as 
an upper bound. Detailed calculations are provided in 
the Appendix. 



At the tine of ignition, the remaining mass in the 
cylinder equals .2095 lbs [initial mass 34.38 lbs] and 
therefore an upper bound of the total energy that may 
be imparted to the gasoline tanks equals 7.1 MJ, which 
constitutes a fraction (less than 1 %) of the total 
energy. See the Appendix for details. 

2 > N6 Re l ease Upon - SRP Act uation/Fire Engulfs Gasoline 
Tank 

Upon SRD actuation the natural gas will be released 
through venting holes to the undercarriage of the 
vehicle. When the size of the venting holes is such 
that the exit velocity is below the blow-out limit, 
the NG will ignite and the fire may engulf the gasoline 
tank. This results in a maximum power of ignition of 
0.457 MW and 14.8 MJ total energy. 

3) Pgpl Fire 

The comparison to the pool fire effects on the gasoline 
tank is presented as follows: 

Assuming a post crash pool fire or a i.5-gallon gasoline 
tank, the maximum power of energy transfer to the 
gasoline tan): equals 1.36 MW and the fraction of the 
energy imparted to the gasoline tank equals 32 MJ [vs 
1956 MJ total energy release]. 

Details are provided in the Appendix. 

It is noted '.hat the'pool fire imparts a larger heat rate and 
total energy than the NG fires. 
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CONCLUSIONS 


This study suppozts the conclusion that the risks of dual-fueled 
vehicles are comparable to the risks of conventional fueled 
vehicles. A dual-fueled vehicle poses a slightly greater risk 
than a dedicated CNG vehicle because it has two complete fuel 
systems having a greater energy content and more components 
susceptible to failure. This marginal increase in risk is small 
and within the bounds of gasoline-powered vehicles utilizing the 
New York City tunnels. This conclusion is supported by the facts 
that: 


No scenario could be identified that would cause 
potentially large or anomalous consequences. 

No synergistic effects between the natural gas and 
gasoline could be identified that would make the 
consequences greater than the sum of two individual 
fuels. In fact, the reverse was true. -The separation 
of fuels and their different properties made the 
consequences of ignition less than the sum of the worst 
case for both fuels independently. 

Operational data and yigineering evaluation did not 
indicate any unusual risk of dual-fueled vehicles. 

The hazard associated with gasoline pool fires and 
potential BLEVE overshadow the CNG hazard. 

Extensive testing has been performed on the effects of 
fire on the CNG fuel system. While test data is not 
available for the reverse, i.e., the effect of NG fires 
on gasoline tanks, heat transfer analysis indicates 
that the effect shoyld have less consequences than a 
gasoline fire. 
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APPENDIX A 


ANALYSIS OF JET FLAMES 
Stability of 6>itoui Jet Diffusion Flimi 

J«t diffusion flames In still sir will lift off ths tl^of the burner and form 
s stsble lifted flsae when the flow rate through the burner Is Increased 
beyond s limiting value known as the lift-off* stability limit. 

If the flow rate Is increased further, the flame la extinguished at some 
limiting rate known as the olow-out stability limit. 

The above observations are theoretically explained aa follows: 

At the base of a diffusion flame the local turbulent burning velocity S 
will be equal to the local flow velocity U. If the flow rate through the 
burner is increased, U will Increase and the base of the flame will be blown 
downstream to a new position (i.e., lifted) where once again S t will equal 
U. The flame will blow jut when the change in S t cannot keep up with the 
change in U anywhere in the jet as one moves downstream from the base of the 
flame. 

The turbulent burning velocity is dependent on the gas laminar burning 
velocity S u , the local turbulence parameters and the fuel concentration. 

Kalghatgi presents a universal formula that describes the blow-out stability 
limit of gaseous jet diffusion flames in still air which has been found 
experimentally. Its validity has been established over a wide range of 
parameters that affect the blow-out limit. Extrapolation of the formula to 
cases where the burner exit-flow is choked suggests that for a given gas there 
is a critical burner diameter d^, beyond which in still air a stable flame 
can exist at any flow rate. 


• N.B. lift off does not necessarily imply that the Jet is directed upward, 
but it means that the flame base is detached from the burner i.e., the flame 
is displaced from the burner. 


2593B 


A-l 




H6 fuel Lint Brttfc/ J KI fltmc iBBlnueawnt <m CttQllnc 


In order to ascertain the effects of the NG ignition and Jet flame Impingement 
on the gasoline tank, the determination of the onset of Jet flame ignition and 
the pertinent pover of energy release is of utmost significance. In essence 
this analysis ia focused on the local effects of IfG ignition aa opposed to the 
overall global effects, which have been previously addressed in the NYSERDA 
study, Ref (I). 

The blowdown data of a 0.25" • fuel line break of a 4.52 CF NG vehicle 
(two cylinders 2.26 CF each) are listed in attachment. 

The initial velocity of release ■ 969.33 fps which is associated with a mass 
flow rate of 1.3923 lb/s. 

The very conservative assumption that immediate ignition will result upon 
release and that the entire NG will burn at a stoichiometric ratio after 
entraining the pertinent amount of air lead to a bounding estimate of the 
power of energy release 

max “ 1>3923 x 453 x 50.02 

- 31.55 MW « 

However, this value is unrealistic since studies of flame stability of 
diffusive jet flames by Kalghargi(2)(2) and by McCaffrey(4) proved that jet 
flames of velocities beyond the blow-out velocity of the jet for a specific 
burner diameter will extinguish itself. In other words, ignition of jets 
released at speeds higher than the blow-out velocity for the burner size will 
not be possible in still-air. 
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For 0.25" diameter burner size (6.35mm) the blow-out velocity ■ 110 m/s - 
360.8 fps. 

For a choked jet (.25" diam.) and for flow rate > 1000 m/s ignition may be 
possible again (the upper half of the curve). 


Therefore the NG released from a 0.25" orifice at velocity of 969.33 fps will 
not ignite. Even when ignited, the flame will not be sustained. As the 
velocity of release decreases with time, there will be a point when the NG can 
ignite, i.e., when the release velocity drops below 360 fps. 

Of significance is ^hat the mass flow rate at the time of Jet ignition (t = 
3.51 min., 7 ■ 360 fps) will be a small fraction of the initial mass flow 
rate. As observed from the blow-down data. (See Attachment I). 


and A(t 


m (t - 0) - 1.39 lb/s 
3.51 min.) « .0032 lb/s 


Ratio 


1.39 


.23% 


Therefore Max., Power of ignition 


±12 

100 


( V 

max 


.07 MW 
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The heet from the Jet flute (upon Ignition) is limited by the amount of HG 
remaining in the cylinder at the onset of Jet ignition (t - 3.51 min) which 
equals 0.2099 lb. 

Therefore, the maximum heat release from Jet flame: 

Max. heat ■ .2099 x .453 x 50.02 ■ 4.75C MJ 
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H S Kc l cggg Upon s gp Actuat i on ( Fire engulfs Gasoline Tanki 


The SRD of the NG cylinder i?ll actuate upon expoaure to fire (hot actuation) 
and though highly unlikely cold actuation due to faulty device (i.e., 
inadvertent actuation) la a credible releaae acenario. 

For a Dual-Fuel Sedan, the HG cylinders are placed in the trunk, the SRD la 
enclosed by a vinyl bag affixed to the bottom of the trunk where one or more 
holea allow the NG collected by minor leakage or by SRD actuation to vent to 
the outalde. The vent holea in the trunk vary in size (1 M 0 more or less). 

Upon release, the NG Jet will entrain air and when the concentration of the 
gas/alr mixture Is within the flammability limits and with an ignition source 
present, the Jet will ingite. If the velocity of the Jet is higher than the 
blowout velocity (in still air), the flame will extinguish itself. If the 
velocity of the Jet is within the stability limit, the flame will be sustained 
ind the NG fire may engulf the gasoline tank for th; duration of the release. 

The effects of ignition are calculated as follows: 

For a 2.26 CF NG cylinder, the SRD rated flow is 501.6 SCFM. 

The velocity through 1"0 orifice equals 467 m/s. 

In still air this velocity exceeds the blowout velocity of 330 m/s for 
1"0 (Ref. 4) 

Therefore, ignition results in a stable flame only when the release velocity 
drops down to 330 m/s, at which time the mass flow rate is estimated to be 
less than 25X of the Initial value. 


At Jet ignition m^ - .25 ( i JJ A *) (.04) * .08 lb/s 
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rot tho 1IG fit. to engulf a 2' x O' g.aollne tank, .no f„ r . f 
between the went end the cloeeet point of the gasoline tank, the 
of the NG fire must have a minimum radius of 3.25* . 

The trlbutery eree of the projected eurfece of the gasoline tenk 
the eurfece ere. of the Kt fire la estimated to be 1... than 28%. 


tributary area - £^' 2 . .28 

u (3) • 

The max. power of Ignition la calculated by 

, nax ■ li * H 0 ■ •»» <-8f3)(50.02) MW 
» 1.81 MW 

The power of energy (heat) transfer to the gasoline tank (assuming 
and by^ consideration of the tributary area Is calculated as 

Q G * Q m.x * •’ 1 - 2S 
= 0.A57 MW 


The energy imparted to the gasoline tank for 10X mass left in * 
equals 14.8 MJ. 


separation 
surface area 


relative to 


10X losses) 


cylinder 


ftj gy-OUt Stability of J et Flames in Croaa-uind 


Kalghatgi present* the effect of cross-wind in Figure -3 of reference 3. 

Fro« the cunre, a limiting cross-wind Telocity VL is depicted. At higher 
Telocitiea than VL, no ignition of Jet fiasco la possible. 


VL 

“b 


620 S 


Therefore for 0.5"* dlaa. Tent outlet 
VL * 310 ln/s ■ 25.1 fps 
a 17 MPH 


Therefore, for a croas-vind Telocity in the tunnel in excess of 17 MPH, there 
will be no ignition of !»G released fros a pipe (burner) of dlan. 0.5" or less 

For a 0.125"* (fuel line crushed to 1/2 size 

VL a 4.25 MPH 

For the case of fuel line break (.25"*) the limiting Telocity 

VL = 620 (J. jJ) . 12.9 fps 
= 8.5 MPH 

Therefore, for cross-wind welocities > 8.5 MPH the MG Jet will not ignite 
regardless of the Jet Telocity, when the Jet is released f»-on 0.25“ 0 

Kalghatgi concludes that for wind Telocitiea smaller than VL, there arc 
usually two blow-out limits. In the lower limit, the flame will be 
extinguished at a flow rate through the burner that la much .ess than that in 
the absen. e of cross-wind. A stable, lifted, bent-ower flame can be sustained 
ower the burner if the flow rate is between this lower limit and the upper 
stability limit, which is higher than that in still air. 


• Vents of the Tehicle trunk wary in size (O.5"0 to 2"i are typical). 
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Consnon Stability Curve for Methane 


by Kalghatgi: Ref. (3) 
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V 
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■ Burner diameter 

* Burner exit velocity 

■ Cross-wind velocity 

V _i 

and are in second 


units) 
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Uncertalnt 


Several uncertainties are present In the previous analyses: 

1) Cross-wind cm .ff.ct the Jet flame. Tor . f„,i ii„ e br ,.„ for 
9 the high blov-out Halt equals 

“* - 22,250( J. j^) . 463.5 fps 

"** 463.5 (.3048) a 141.27 m/8 

(notice that U e In still sir - 110 m/a (McCaffrey) 

or 17,000 (J)(j*)(.304X> - 108 m/s 

(Kalghatgi) 

This maximum Increase In blow-out limit Is caused by a cross-wind (V) 
of 6.77 fps (4.5 mph) determined from the flame stability curve with 


Since the piston effect of vehicles movement In the tunnel can result In 
longitudinal velocities that are proportional to the traffic speed, air 
velocities In the range of 0-30 MPH are possible in the tunnel. 

The flame stability curve also shows that a NG jet released from .25" 
fuel line may never ignite if the cross-wind velocity in the tunnel is 
> 8.5 MPH (V/d b > 620). 

2) Depending on the crosswind, the RG may Ignite at a time earlier than the 
3.51 min. estimated for still air and hence the power of Ignition may be 
somewhat higher. 

3) The applicability of diffusive jat fl*.es for the analysis of flame 
impingement on targets may not be fully without doubt, since the 
presence of an object close to a burner has been proven to stabilize 
flames. However, the latter is true for premixed fuel and air 
mixtures. The presence of the target in the flow path of the gas Jet 
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into destabilising 


■ay vary veil retard the air entrainment and reault 
of the flaae. * 


•) The Pre.enee of a target In the flov p , th of the g|) „ ery vgU 

rnt.rd the .1, .ntr.inn.nt .nd r..«lt in lower burning velocity (du. tu 
d.vi.tion from th. .t.ichlon.tric ratio) ,nd thi. vill h.v. th. .ff.ct 
of reducing th. blo»-out velocity. In other word., th. presence of . 
gasoline tu* in th. p.th of th. ITS jet may cause fine, hlou-out at jet 
velocities beyond U g .here U g < 110 «/a. i.e. th. flam, may be leas 
.table in the pre.enee of the gasoline tank as a target, bec.ua. of th. 
icduced air entrainment, 


To account for th. above uncertainties and In order to overestimate the 
KG harard relative to gasoline, us. a multiplier of 150* for th, J.t 
* flame effect si 


Therefore, for a .25"« fuel line break: 


^max * - 07 * >•* * • 105 BW 

* nd E max * 4 ' 756 * 1 - 5 - 7.134 MJ 

5) Effects of vind velocities on fire from SRD vent: 

for a 1"« orifice, an equivalent pipe diam of . 1 . 6 " 

is assumed for th. burner diam. to be used in the stability curves 
( 0.62 is the theoretical veenacontract. discharge coefficient). 

Therefore, the Halting croa.-wind velocity beyond uhich blov-oot 
for all velocities 1. certain for 1.6" d b equals 620 . g 2 fp . 

- 35 MPH 

55 HPH cross-wind velocity is relatively high and it cm take place i„ 
th. tunnel only Men traffic 1. running, i.e., „„ . to pp. d traffic du. to 
car accident, or when th. disabled vehicle i. being tou.d away. 
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A recommendation la derived from thla that, whenever poaaible with all other 
aafety factora conaldered, the diaabled HGV should be towed froai the tunnel 
(at a high apeed) while the gaa la atill releaalng in order to reduce the 
poaalbillty of ignition. Alao, the traffic may not be atopped in the adjacent 
lanea which alao reducea the poaaibility of ignition and helpa in dlffuaing 
the KG below the lower flammability level. Speeding up the tunnel ventilation 
la highly recommended to mitigate ignition of the releaaed gaa. 

In eaaence, traffic movements, diaabled vehicle towing speed and tunnel 
ventilation are important factors that work to mitigate the raleaaed gaa 
ignition. 



Sip line Pgtt l fire EfXtcu on 8 l s=fia Uon Gasoline Tank 


The power of energy release and duration of a 15-gallon gasoline tank pool 
fire have been previously calculated In the HYSERDA study (Ref. 1, pg 8-20) 

For T - 0.1 

Power « Q mx - 16.3 MW 

ft Duration - t max - *4 Sec 

Radius of Pool ■ D Bax ■ 5.1 m 
and the energy released - 1956 MJ 

The effects of ignition on sn adjacent gasoline tank are calculated on 
basis of the tributary areas. 

ft 

The pool Is assumed to spread out as the gasoline is continuously released up 
to the maximum radius of 5.1m at which time the gasoline bums out completely 
and therefore the release is characterized by a triangular fire intensity 
distribution of the power of energy release as a function of time. 

The area of the gasoline tank exposed to the fire was assumed to be equal to 
the projected area of the tank onto the pool. 2* x V horizontal dimensions 
of the tank are assumed. 

Therefore the ratio of tributary areas ■ 0.91%. 

Assume that the fraction of energy absorbed by the gasoline tank - 90* of the 
released energy under the projected area of the tank (i.e., 10% losses) 

1) Therefore, power of heat transfer to the gasoline tank ■ 

Q c « 0.9 (.0091) x 163 - 1.36 MW 

(for a 15-gallon pool fire) 
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The energy absorbed by the tank - Eg“ 

I Q - 0.9 (.0091) x 163 x 24 - 32 MJ 

In order to aacertaln the consequences of the above transfer of energy 
consider the following bounding values: 

2) Evaporative energy of :5 gallons of gasoline: 


Mass of gasoline - 


.453 


92.7 lb. 


Latent heat of vaporization - 132.8 BTU/lb 


Latent heat of vaporisation of 15 gallons of gasoline - 92.7 x 132.8 BTU 


» 12,310.6 BTU 

By * 12,310.6 x 1054.8 - 12.98 MJ 
J/BTU 

Therefore Eg ^ E y 
32 MJ 12.98 

The energy absorbed by the gasoline tank will exceed the energy required 
to Vaporize the entire contents of the tank. 

3) The increase of pressure in the tank upon exposure to pool fire: 

Increase in temp. « At. 



• 48.8899 x 10 3 J/*F 
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389 r r 


1 .1 « 


MJU. - 12.9B m 

0.489 MJ/«r 


Therefore, elevated caaollne temp. - 389 ♦ 72*P ■ 4€1*P. 

Th. elevated ...olln. pr,..»r. ...umln, no ventln, .„d ...„.i„, 100 * 
octene for th. ...olln. 1. deleted from th. ov.rh.etod v.por enr... 
to eoo.l 3000 pel .hen allovln, ..pan.Ion of th. vapor to . epee. , 
time. It. ori.tn.l volume <l.e., aome ventln, elloved). 

*> Slnre ,h, ...Olln, ad c.nno, po.elbl, eueteln euch a l.r.e 
dlff.rentl.l pr.a.ur,, then ventln. of the ...olln. tank ,'u.t b , 
r.ll.bl, enough to limit th, fr.nu.no, of recorded BI.EVE to lo' 9 .. 
reported In fhble 9-1 of Ref. (l). 


, n other word., uni... th, ventln. of ...olln. tank 1. po.alble throu,h 
refueling cap, .vapor.,1„ e.,.., 0 „ carburetor., leak.,, ,hrou,h 

fitting., etc., t^;;, the fr.Quency of BLEVE .ould h.ve been a. large .. 
the frequency of exposure to pool fire. 
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ATTACHMENT I 



TIMf (min) 
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